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PREFACE

This report presents the results of a major research study addressing
the causes of excess emissions from California vehicles. The effort
produced ten separate reports. This volume contains the last five
reports produced under the contract. They are:

Title Section
The Effect of Gasoline Composition on In-Use Exhaust VI
Emissions
Proposed Test Procedure and Emission Standard Revisions VII

for Medium- and Light-Heavy-Duty Trucks, Technical
Support Document

Investigation of "Pattern Failure" Vehicles in the VIIT
California Smog Check Program

Statutory Changes to Implement Recommended Improvements IX
in the California Smog Check Program

Assessment of Options for a Post-1990 I/M Program X

The remainder of the reports produced under this contract are
contained in Volume I. For an overview of all of the work produced
under the contract, the reader is referred to:

Executive Summary of Work Produced Under ARB Contract

"A Study of Excess Emissions - Causes and Control",
December 1988.
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The statements and conclusions in this report are those of the
Contractor and are not necessarily those of the State Air Resources
Board. The mention of commercial products, their source or their use
in conmnection with material reported herein is not to be considered as
an actual or implied endorsement of such products.
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ABSTRACT

A wide-ranging examination of the effects of gasoline composition on
vehicle emissions was performed. The constituents of gasoline can have
numerous effects on evaporative and exhaust emissions from gasoline fueled
vehicles. For this review, six different fuel composition issues were
studied. Additives and impurities such as lead, phosphorus, manganese,
silicon, and sul fur were studied to determine their effect on emission control
system components. Injector deposits in multi-point fuel injected vehicles
were studied to determine their potential impact on exhaust emissions.
Gasoline volatility was studied to determine if further reductions in Reid
Vapor Pressure (RVP) would reduce vehicle emissions. The effect of RVP
reductions on exhaust and evaporative emissions were quantified. The aromatic
content of of unleaded gasoline was reviewed to determine the impact on
benzene emissions. The effect of aromatic content on both exhaust and
evaporative benzene emissions were evaluated. Exhaust and evaporative
emission changes due to the addition of oxygenated blending agents, such as
ethanol, methanol, and methyl tertiary-butyl ether also were studied.
Finally, aftermarket additives such as octane—enhancers, lead substitutes, and
pollution control additives, were studied to determine their effect on vehicle

emissions.
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EXECUTIVE SUMMARY

Based on a study of the effects of gasoline composition on motor
vehicle emissions, Radian Corporation and Sierra Research have determined that
excess emissions could be reduced through the implementation of the following

recommendations:

. The meximum allowable lead level for unleaded gasoline should

be reduced from 0.05 grams/gallon to 0,005 grams/gallon.

] The use of recycled materials in automotive gasoline should be
prohibited unless analysis indicates that such materials are
free from contamination by silicon or other metallic compounds

known to be catdlyst poisons.

e ARB should consider reducing the maximum allowable sulfur
content of unleaded gasoline from 300 ppm to 100 ppm.

e The standard for the maximum allowsble manganese content of
unleaded gasoline should be established at approximately 0.012
grams/gallon.

¢ ARB should pursue a regulation that would require a minimum

level of deposit control additives in unleaded gasoline.

] Because there is potential for achieving further emissions
control, ARB should determine the net emissions impact of
lowering the Reid Vapor Pressure (RVP) standard below the

current 9.0 psi level.

. To avoid excess emissions from intermittent use, the volatility
of alcohol-gasoline blends should be controlled to lower RVP
than straight gasoline and all such blends should be required

to demonstrate no adverse exhaust emissions impact.

xii
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® Aftermarket fuel additives containing lead should be prohibited
from retail sale at locations which sell other automotive

products.
Lead

The current tolerance level of 0.05 grams per gallon for lead in
"unleaded"™ gasoline has not been changed since the mid '70s, despite a
twenty—fold reduction in the lead content of leaded gasoline over that period.
The legal lead concentration in unleaded gasoline is now up to one-half the
legal lead content of leaded gasoline. Lead has been shown to reduce the
efficiency of three—way catalytic converters at levels as low as 6 milligrams
per gallon. The current tolerance level is also being abused by at least one
blender, who regularly markets "unleaded™ gasoline with lead levels
approaching 0.05 grams per gallon. We recommend that ARB move immediately to

reduce this tolerance level by a factor of ten, to 5 milligrams per gallon.
Silicon

Silicon contaminants in gasoline can damage catalytic comverters and
oxygen sensors by coating them with amorphous silica. There is no evidence
that this has yet occurred in California, but incidents have been reported
elsevhere in the U.S. The source of the silicon contamination was apparently
recycled solvents containing silicone oils. Regulations prohibiting such
recycling or requiring chemical analysis of the recycled material would
prevent this problem from occurring in California. Combustion of thermal
degradation of sgilicone rubbers, gaskets, sealants, etc. can also result in
catalyst or oxygen sensor damage. ARB should examine the extent to which
silicones are included in aftermarket products——some regulation of silicones

in these products may be warreanted.
Sul fur

The sul fur content of unleaded gasoline is presently limited to 300
PPM, In 1978, ARB staff recommended that this be phased down to 100 PPM in

x14d



1984, but this recommendation was not adopted by the Board. Reducing the

sul fur content of gasoline would contribute to attainment of the SO, and

sul fate standards in those areas now in violation of them, as well as red%xcing
HZS emissions from three—way catalysts. A slight increase in catalyst
efficiency would also result, thus reducing HC, CO, and NOx. ARB should
re—examine the cost of further reductions in gasoline sulfur content, since
the reduction in diesel fuel sulfur in force in the South Coast (and under
consideration for the rest of the State) may have affected the costs of

gasoline sul fur reduction as well,

Manganese

Manganese (as MMT) may legally be used as an antiknock in leaded
gasoline, and is so used in some leaded gasoline sold in California. Due to
the phase-out of lead, increased amounts of manganese may be used in the
future. Contamination of unleaded gasoline with small amounts of manganese is
likely as a result. Manganese increases engine—out HC emissions, but in low
concentrations it has no major deleterious effects on catalysts. Thus,
cross—contamination of unleaded gasoline with small amounts of manganese is
unlikely to have much effect. To ensure against excessive contamination,
however, ARB sghould establish a tolerance level for manganese in unleaded
fuel. A tolerance level of 12.5 milligrams per gallon (one tenth the normal

level in leaded gasoline) is suggested.

Deposit Control Additives

Multi-point fuel-injected vehicles are susceptible to injector
deposits, and these can cause significant emission increases. The extent of
the problem depends on vehicle design parameters and fuel composition. Both
the automotive manufacturers and the petroleum industry are modifying their
products to reduce the occurrence of this problenm. Even so, most
manufacturers of MPFI vehicles appear to have at least one model which is

susceptible to deposits.
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As a rough estimate, fuel injector deposits in passenger cars may
have been responsible for 3,400 tons of excess hydrocarbon emissions and
34,700 tons of excess carbon monoxide emissions in 1986. Use of deposit
control additives in sufficient quantities would reduce and possible remove
the excess emissions. The quantity of excess emissions produced due to
injector deposits is expected to increase as sales of multi—-point

fuel-injected vehicles increase in the coming year.

Because of the potential for significant emission increases due to
injector plugging, ARB should pursue regulatory action in this area.
Currently, it is not feasible to remove the deposit-forming constituents from
the fuel because the deposit formation mechanism is not fully understood. At
some future time, this may be an option. Because sensitive injectors will be
in the fleet for at least another decade, and sales of MPFI-vehicles are
expected to increase, mandatory use of detergents and dispersants in unleaded
fuel is indicated. Rough cost-effectiveness calculations indicated that the
costs per ton of emissions eliminated by mandating the most effective deposit
control additives would be less than $8,750 per ton for HC and less than 3850
per ton for CO. Due to the conservative nature of these estimates, the actual

cost effectiveness could be better.

Establishment of a regulatory requirement for fuel detergency would
require the specification of some standard detergency test procedure. No
industry standard test procedure for injector deposit control exists at
present, although a number of organizations have developed test procedures
which might be adopted for this purpose. To assure against creating other
problems further downstream, the test procedure would need to address
carburetor, intaske valve, and combustion chamber deposit formation as well as

injector deposits.

Gasoline Volatility

Current ARB regulations limit RVP levels for gasoline during the

"smog season™ to a maximum of 9 psi. The time of year defined as "smog
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season™ varies from air basin to air basin. This regulation was adopted in
order to reduce evaporative emissions during periods of high photochemical
reactivity. Reducing- this maximum level further would further reduce
evaporative emissions. At some point, however, this reduction would be more
than offset by increased cold-start emissions due to inadequate fuel
volatility. Analysis of limited test data from Chevron Research suggests that
this optimal RVP level is probably less than 9, but greater than 6.1 psi for
the South Coast Air Basin. Because of the limited data available, however, it
is not possible to estimate the actual optimum with any confidence.
Additional vehicle testing at different RVP values and ambient temperatures

would be required to determine the optimum RVP.

Any drastic reduction in fuel RVP levels could be expected to result
in driveability problems, especially under cold-start conditions. This could
lead to additional tampering with emission controls, and possible further
increases in emissions. This possibility should be taken into account in

considering any future reduction in RVP levels.

Alcohol-Gasoline Blends

Iﬁcreases in hydrocarbon evaporative and exhaust emissions may occur
from the use of alcohol/gasoline blends. Intermittent refueling with blended
gasolines will cause the tank RVP to increase sbove the volatility limit of 9
psi.  Long-term use of alcohol/gasoline blends may reduce the capacity of the
evaporative emission control system and further increase hydrocarbon
emisgions. Short—-term increases in tailpipe NOx may occur due to the use of
alcohol/gasoline blends. If driveability problems associated with blend use
are repaired in carburetted vehicles, the 'NOx increase could give way to

increases in HC and CO emissions.

Increased evaporative emissions may occur from using alcohol/gaso—
line blends due to volatility differences, evaporative emission control system
degradation, and intermittent use. Becsuse of the potential for evaporative

hydrocarbon emission increases, ARB should consider additional volatility
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constraints for blended fuels.

The evaporative emissions increase due to intermittent use could be
reduced by requiring blended fuels to have a maximum RVP below 9 psi. Maximum
RVPs for blends of Oxinol®, ethanol, and TBA have been calculated. The
maximum RVP varies from 5.5 for Oxinol® to 6.5 for ethanol and TBA blends.
The reduced volatility would most likely result in decreased vehicle drive-
ability when using the blended fuel. However, when intermittently used, the
tank RVP would not be significantly greater than 9.0 psi. The possibility of
increased exhaust emissions associated with lower volatility blends should be

evaluated as part of the approval process.

Another issue that needs further evaluation is the apparent reduc-—
tion in evaporative emission control system performance due to blend use.
Oxygenated compounds are preferentially absorbed by the charcoal canisters.
The higher weight alcohel compounds also more difficult to purge from the
canister once they have been absorbed. Increasing the size of the charcoal
canister may be one way to mitigate the decreased system performance. Adop-
tion of the on-board vapor control regulation will most likely neot mitigate
additional evaporative emissions due to decreased system performance. The
certification fuel will not contain oxygenates and therefore, the canister
will not be sized to compensate for the additional evaporative emissions and
system degradation due to oxygenate blends, This degradation needs to be

better qualified.

Fuel Additives

Aftermarket fuel additives are currently marketed with claims that
they remove water from fuel tanks, clean fuel systems and intake manifolds,
enhance the octane rating of gasoline, act as lead substitutes to protect
valve seats, and improve the performance of pollution control devices. The
potential exists for some of these products to impair the performance of
emission control devices and to increase emissions. However, since the

ingredients of the majority of these components are unknown, no conclusion
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regarding their effect on vehicle emissions performance can be made. Of
special concern is the fact that additives claiming to contain tetra-ethyl

lead are readily available over—the—counter in auto parts stores.

It is recommended that ARB act in conjunction with EPA to re—evalu-
ate their regulation and oversight of the aftermarket additive industry. Scme
demonstration of effectiveness, and of an absence of adverse emission control
impacts, should be required in order for additives to be registered. Public
access to additives containing lead and other substances that are known to
cause significant detrimental impacts to emission control systems should be
minimized. ©Products not intended for vehicles that use unleaded gasoline
should have spouts that are too large to be inserted into the fillpipe re-
strictor. Products containing lead should not be sold in automotive parts
stores since it is illegal to use these products in motor vehicles in Califor-

nia.

xviidi
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1.0 INTRODUCTION

This report presents the results of a wide-ranging examination of
the effects of unleaded gasocline composition on vehicle emissions. The
hydrocarbons, oxygenates, and additives incorporated in gasoline can have
numerous effects on evaporative and exhaust emissions from gasoline—fueled
vehicles. These effects range from poisoning of catalytic converters by lead
and other additives to increased benzene emissions resulting from higher

aromatic contents.

The recent upheavals in the o0il market and the Federally-mandated
phase-down of lead in gasoline to 0.1 gram per leaded gallon have also led to
changes in gasoline composition. The loss of the octane boost due to lead has
necessitated changes in refinery processing; and increased use of oxygenated
components such as methanol, ethanol, and methyl tertiary-butyl ether, to make
up the lost octane. These changes have affected the cé‘)mposition of unleaded
as well as leaded gasoline, since the two products are drawn from much the

same hydrocarbon pool at the refinery.

The U.S. Environmental Protection Agency has proposed a complete ban
on lead additives in gasoline, effective in 1988. The proposed ban, which
could become final this year, would have only minor effects on the total
octane requirement. It is not clear what the effects of the lead ban on
gasoline marketing patterns will be, however. One possibility would be the
retention of some form of gasoline which —- while containing no lead—— would
still contain other additives which are illegal for use in vehicles with
catalytic converters. Such additives could include methylcyclopentadienyl
manganese tricarboanyl as an octane—enhancer, and could also include phosphorus
or other deposit—forming additives to substitute for lead as exhaust-valve

lubricants.

The loss of lead-supplied octane has led to a general increase in
the use of aromatic hydrocarbons, such as toluene and benzene in gasoline.

The California Air Resources Board has identified benzene as a toxic air
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contaminant. Current research has shown that levels of benzene in vehicle
exhaust are related both to the benzene content of the fuel and to the fuel's

content of other aromatic hydrocarbons.

Changes in engine and emissions control technology are also placing
new demands on gasoline composition. With the increased use of multipoint
fuel injection for improved performance, as well as better hydrocarbon and
carbon monoxide control, problems of deposit and varnish formation in the
injection system have begun to surface. Certain high-performance engines have
also displayed a tendency to form deposits on the intake valves. Automcbile
manufacturers have exzpressed concerns about gasoline quality, arguing that
fuel injector plugging, vapor lock, and other volatility-related problems can

be solved by modifying fuel composition.

To reduce emissions and improve engine performance, auto manufactur—

ers are modifying their engine designs. The: modifications include high swirl
- - - "‘ - -

combustion chambers, increased compression ratios, and increased use of

turbochargers. These engine design changes, in turn, are leading to addition-

al demands on the performance properties of unleaded gascline.

Because of these and other concerns, the California Air Resources
Board commissioned Radian Corporation and Sierra Research to study the effects
of unleaded gasoline composition on emissions. The study focused on the

following issues:
. The effects of additives and impurities, such as lead, phospho—
rus, manganese, silicon, and sulfur, on emission control system

components;

. The effect of injector deposits on emissions from multi-point

fuel-injected vehicles;
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. The effect of reducing gasoline volatility (as measured by Reid

Vapor Pressure or other indices) below an RVP of 9 psi;

° The effect of unleaded gasoline aromatic hydrocarbon content on

benzene emissions;

° The effect of using oxygenated blending agents, such as
ethanol, methanol, and methyl tertiary-butyl ether on exhaust

and evaporative emissions; and
. The effect of aftermarket additives, particularly octane—
enhancers, lead substitutes, and pollution control additives,

on vehicle emissions.

1.1 - Nature and Scope of this Report

This report identifies fuel constituents that can affect vehicular
emissions. Effects on both exhaust and evaporative emissions were studied.
When possible, a specific mechanism causing an emission variation is identi-
fied. In addition, the report identifies areas requiring further study or or

in which additional regulatory activity is indicated.

This study included a review of the applicable technical literature
to determine typical fuel composition and to identify compounds that affect
vehicle emissions. This information was supplemented by contacts with automo-
bile manufacturers, refiners, and aftermarket additive suppliers, where
possible., A shelf survey was made of automotive parts stores to detemmine

what types of aftermarket additives are available to the public.

1.2 Structure of the Report

Section Two reviews the basic constituents of gasoline: crude oil

components, blending agents, and additives. The properties of these
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constituents and the extent to which they can be found in unleaded gasoline
are described. The emissions impacts of the various components are described.
The Federal and State regulations governing fuel composition are also re-—
viewed. Section Two is intended as an overview of gasoline composition and

fuel regulations.

Section Three discusses the effects additives and impurities have on
emission control system components. The potential for these effects to cause
exhaust emission increases also is explored, and recommendations for regulato-—

ry acticn are presented.

Section Four reviews the need for detergent additives to minimize
exhaust emissions, especially for vehicles with multi-point fuel injection.
The effects of injector plugging vehicle emissions are described. The causes
of injector plugging and the design variables that affect plugging are also
discussed. Estimates of detergent use in gasoline sold in California and of

the cost—effectiveness of detergency regulations are also presented.

The potential effects of further reductions in gasoline volatility
on exhaust and evaporative hydrocarbon emissions are evaluated in Section
Five. These effects include reduced evaporative emissions, but increase
exhaust emissions due to poor cold—-start performance. Recommendations for

additional research to establish an optimum RVP level are presented.

Section Six analyzes the impact of gasoline constituents and emis-—
sion control technologies on benzene emissions. Fuel composition variables
that affect benzene emissions are described. Methods for reducing benzene

evaporative and exhaust emissions are also reviewed.

Section Seven evaluates the impact of the increasing use of oxygen—
ated compounds on total hydrocarbon and carbon monoxide emissions. The effects
of oxygenates on emission control system components, gasoline properties, and

emissions are described.
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Section Eight describes the types of aftermarket additives available
in California auto parts stores and similar retailers. The intended functioms
of these additives are reviewed, and what is known of their potential emission

impacts is reported.
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2.0 UNLEADED GASOLINE COMPOSITION AND PROPERTIES

Commercial unleaded gasoline is a complex mixture containing varying
quantities of hundreds of individual hydrocarbon species. The mixture compo-—
sition is affected both by the composition of the crude o0il from which the
fuel is refined and by the chemical processing undergone during refining.
Finished gasoline is normally a blend of individual refinery process streams,
each having a different chemical composition and properties. By varying the
degree of proéessing of each stream, and the proportion of each stream in the
final product, refiners can adjust the physical and chemical properties of the
mixture to comply with applicable regulations and quality requirements.
Blending agents such as oxygenates, and additives such as detergents, anti-
oxidants, and corrosion preventives may also be added to the mixture to
improve the combustion performance, stability, and other properties of the

finished mixture.

A gasoline's performance properties and its effects on pollutant
emissions are both determined by its composition. These properties are often
interrelated. A gasoline with poor oxidation stability, for instance, may
cause gum deposits in fuel filters and intake systems, resulting in poor
driveability and higher emissions. A gasoline with inadequate antiknock
properties (as measured by its "octane" number) may cause destructive engine
knock, possibly leading the vehicle owner to advance spark timing or switch to

a higher~octane leaded fuel to compensate.

This section reviews the primary constituents of unleaded gasoline
and the key performance properties required of it. Gasoline blending agents
and additives can have both major effects on gasoline performance and substan-
tial emissions impacts, and are also reviewed in this section. Finally, this
section briefly reviews current Federal and State regulations applying to

unleaded gasoline.
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2.1 Hydrocarbon Constituents of Gasoline

The primary components of unleaded gasoline are hydrocarbons pro—
duced from crude oil. Most of the hydrocarbons in gasoline fall into four

basie classes:

. Paraffins;

. Naphthenes (also known as cycloparaffins);
° Olefins; and

® Aromatic hydrocarbomns.

Fach of these hydrocarbon families includes a number of individual chemical
species, differing from one another in molecular weight and molecular struc—

ture.

Hydrocarbons in the paraffin family are also referred to as alkanes.
The molecules in this family have open—chain structures. Members of the

paraffin family include butane, pentane, heptane, and iscoctane.

The naphthene family often is referred to as cycloparaffins. This
family's molecules are saturated ring-structure hydrocarbon compounds. Some
of this family's more common members include cyclohexane, cyclopentane,

cycloheptane, and 1,1,2 trimethyl-cyclopropane.

The olefin family is composed of open—-chain hydrocarbons each
containing at least one carbon~carbon double bond. The physical properties of
these compounds are quite similar to the paraffin family. Some of the olefin
family's more common members include propene, 1l-butene, l-pentene, and
1-hexene. Olefins have high octane ratings, but poor oxidation stability,

which can lead to gum and deposit formation.

The aromatic family is composed of hydrocarbons having at least one
"henzene"-type unsaturated ring structure. The members of the aromatic family

are highly prized as gasoline constituents because of their high octane
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ratings and excellent stability. Some of the more common members of this

family include benzene, toluene, ethyl benzene, and xylene.

Benzene has been identified as a toxic air contaminant by the
California Air Resources Board (ARB). In their study of benzene emissions,
ARB researchers found benzene in evaporative and exhaust emissions from motor
vehicles to be the major source of benzene in the environment (Ames et al.,
1986). As discussed in Section Six, evaporative benzene emissions are linked
to the benzene content of the fuel, while exhaust benzene emissions are

affected by both the benzene content and the content of other aromatics.

2.2 Gasoline Properties

Unleaded gasoline must meet many different performance criteria. As
with other petroleum products, optimizing the performance in one area will
sometimes degrade performance in another. To produce an acceptable preduct at
reasonable cost, the refiner must make certain compromises. As discussed in
Section 2.4, the refiner is also subject to regulatory restraints on product

composition, which may impose additional compromises.

The main performance properties for gasoline are octane rating,
volatility, and stability. A fuel's octane rating determines its predisposi-
tion to knock or preignite. A fuel's volatility determines the cold-start
properties and its tendency to cause vapor lock and fuel foaming. Stability
is a fuel's ability to resist formation of resin-like insoluble deposits (gum)

under adverse storage conditionms.
Table 2-1 lists some of the major constituents of gasoline and their

properties: octane rating, sensitivity, boiling point, vapor pressure,

critical compression ratio, and specifiec gravity.
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2.2.1 Octane Rating

Octane ratings for fuels in the United States are specified as the
average of the motor and research octane numbers ((R+M)/2). The research

octane number (RON) predicts the anti-knock performance of a fuel under full

throttle, low engine speed conditions. The motor octane number (MON) predicts

the anti~knock qualities of the fuel during full throttle, high engine speed
conditions and during part throttle, low and high engine speed conditions.
The sensitivity is the difference between a fuel's research and motor octane
numbers. A sensitive fuel is more susceptible to knock at full throttle, high

engine speed conditions than full throttle, low engine speed conditiomns.

Octane ratings are measured using a standard single cylinder test
engine, the Cooperative Fuels Research (CFR) engine. The research and motor
tests are performed using a similar procedure, but with different operating
conditions. The octane ratings developed by this method are intended to
correlate with resistance to knocking in vehicles on the road. This
correlation is not perfect; depending on vehicle characteristics and operating
conditions, anti-knock performance on the road may differ from that measured
in the laboratory (Society of Automotive Engineers Information Report.

Automotive Gasoline — J 312, 1985).

2.2.2 Volatility

The boiling range or volatility properties of a gasoline affect its

ability to vaporize under cold-start conditions, and its tendency to foam and

cause vapor lock in hot weather. The required boiling range of the fuel
varies with the geographic location in which it will be used and the season of
the year. In winter, a more volatile fuel is needed to be able to.start the
engine in cold weather. In the summer months, a lower volatility fuel is

required to avoid fuel foaming and vapor lock in hot weather.
Volatility properties are specified in terms of the fraction of the
gasoline evaporated at various temperatures, or by its vapor pressure at given

temperature. The vapor pressure of gasoline when measured at 37.8°c (100°F)
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in a container having a vapor—-to-liquid ratio of 4 is known as the Reid Vapor

Pressure (RVP). RVP is the most commonly used volatility measurement.

Fuel volatibility has a major effect on evaporative emissions.
Fuels which boil at lower temperatures have greater vapor pressures and,
therefore, produce greater quantities of evaporative emissions. Fuel volatil-
ity may also affect the level of exhaust emissions. Fuel volatility effects

on both evaporative and exhaust emissions are discussed in Section Five.

2.2.3 Stability

Fuel stability is the measure of a fuel's resistance to the forma-
tion of gums and deposits during prolonged storage. Gum deposits can clog
fuel filters, carburetor jets, and fuel injectors. These deposits impair
driveability and can increase exhaust emissions. Section Four describes the

effects of fuel-injector and intake valve deposits on emissions.

2.3 Blending Agents and Additives

In addition to its ocil-based constituents, other non—oil-based
blending agents and additives are blended with unleaded gasoline for specific
purposes. A blending agent is a substance which is added to gasoline in
substantial quantities (typically several percent of the finished product),
while additives are used in much lower concentrations. Blending agents
commonly added to unleaded gasoline include alcohols, ethers, and mixtures of
aromatic hydrocarbons such as benzene, toluene, and xylene (BTX). Additives
commonly added to unleaded gasoline include anti-oxidants, corrosion inhibi-
tors, metal deactivators, detergents, dispersants, demulsifiers, fluidizer

oils, anti—-icers, and combustion modifiers.
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2.3.1 Blending Agents

The primary blending agents used in unleaded gasoline are oxyge-
nates: methanol, ethanol, and other alcohols; and methyl tertiary-butyl ether
(MTBE). Alcohols and ethers are used as blending agents for two primary
reasons. First, due to market conditions or favorable tax incentives, blend-
ing agents such as methanol and ethanol may be more economical than crude oil
components. More commonly, blending agents are used to enhance the octane
rating of the gasoline. Most blending agents sold today raise the octane
rating per volume of agent blended to a greater extent than does toluene (RON
= 120, MON = 109) (Dorn and Mourao, 1984).

As discussed in Section 2.4, the concentration of oxygenates in
unleaded gasoline is 1limited by the U.S. Environmental Protection Agency
(EPA). This is due to the differences between oxygenates and hydrocarbon
fuels with regard to volatility, stoichiometric air/fuel ratio, water solubil-
ity, and materials compatibility. The use of oxygenated blending agents tends
to result in leaner combustion, reducing CO emissions but increasing emissions
of NOx. In addition, blends of ethanol and methanol in gasoline can signifi-
cantly affect evaporative emissions. These effects are discussed in Section

Seven.

2.3.2 Unleaded Gasoline Additives

Additives are included in gasoline to improve the performance,
distribution, or quality characteristics of the fuel. Performance—enhancing
additives are used to improve the engine's operating efficiency, reliability,
and durability. Distribution additives are used to deliver a clean product
from the refinery, through the entire distribution network, and ultimately to
the end-user's equipment. Quality enhancing additives maintain the fuel to
specification during transportation, storage, and residence in the end-user's
storage facilities. Table 2-2 1lists the different types of additives and

their typical quantities in unleaded gasoline.
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TABLE 2-2. TYPICAL ADDITIVES USED IN UNLEADED GASOLINE

Treatment Range
Additive Type PTB#* ppm

Performance—Enhancing Additives

Amine Detergent 3 -30 12 - 120
Polymeric Dispersant 5 - 150 20 - 600
Fluidizer Qils 50 - 250 200 — 1000
Anti-Icers 4 - 15 16 - 60

Distribution Additives

Corrosion Inhibitors 1~-10 4 - 40

Demulsifiers 1 - 25 4 - 10
Quality—-Enhancing Additives

Anti-Oxidants 3 -5 i2 - 20

Metal Deactivators 1 -4 4 - 16

#PTB = Pounds of additive per 1000 barrels.

Source: Tupa and Dorer, 1984.

When using additives, a manufacturer typically adds no more than
1000 parts per million (ppm), or 0.1 percent by weight. Even at this small
treatment level, additives can significantly enhance the performance and
quality of the fuel. Additive manufacturers normally specify the additive
quantity in pounds of additive per 1000 barrels (PTB), as opposed to ppm. A
treatment level of 1 PTB corresponds to 4 ppm (Tupa and Dorer, 1984).

2.3.2.1 Performance—Enhancing Additives

Detergents and polymeric dispersants are added to unleaded gasoline
to reduce the tendency of deposits to form in the fuel delivery system and
intake manifold. Deposits can cause rough idling, stalling, poor accelera-
tion, and reduced fuel economy in carburetted and fuel-injected vehicles. The

stability of the gasoline plays a significant role in the formation of depos-—

its.
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Fuel-injector and intake system deposits can have major effects on
vehicle pollutant emissions, as well as on performance, driveability, and fuel
economy. These effects, and the role of detergents and dispersants in pre—

venting them, are discussed in Section Four.

Fluidizer oils are added to gasoline to control gum deposits on
intake ports and valves. These deposits can lead to reductions in volumetric
efficiency and, potentially, valve burning. The addition of 0.2 to 0.3
percent by volume of mineral oil in the fuel can prevent these deposits (Tupa
and Dorer, 1984).

Problems with another type of intake valve deposit have recently
been reported (Bitting et al., 1987). High molecular weight materials from
the lubricating oil or blowby gas can accumulate and coke on the intake valve
when exposed to air and elevated temperatures. Coking on the intake valve and
in the intake port can cause increased NOx emissions and reduced wvehicle
performance. A further discussion of the effects of intake system deposits

can be found in Section Four.

.Ice on the throttle blade of a carburetted or fuel-injected engine
can build up to a point sufficient to stall the engine during idle conditions.
Icing tends to occur during engine warm-up. This problem was more common
during the 1950s and 1960s than it is today. The addition of inlet air heater
syétems to engines and the addition of freeze point depressants or surfactants
to fuel has reduced the icing problem (Tupa and Dorer, 1984). An increase in
emissions could occur during icing conditions, but this effect would be rare

and temporary.

Combustion additives are designed to reduce an engine's tendency to
knock during certain operating conditioms. Additives that have been used as
combustion modifiers include tetraethyl lead (TEL), tetramethyl lead (TML),
methylcyclopentadienyl manganese tricarbonyl (MMT), and other metal-based

compounds. Under the EPA "substantially similar"™ requirement, only additives
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derived from hydrogen, carbon, oxygen, or nitrogen are permitted in unleaded
gasoline (Federal Register, Volume 45, No. 199, 1980). Therefore, metal-

based, anti-knock combustion modifiers are not permitted in unleaded fuel.

Use of metal-based combustion modifiers such as TEL or MMT in modern
engines would result in significant increases in emissions. Lead compounds
are known to poison catalysts and oxygen sensors. A more detailed discussion
of the effect of combustion modifiers and other additives on exhaust emissions

can be found in Section Three.

2.3.2.2 Distribution Additives

Corrosion of fuel tanks, pipelines, storage tanks, and other fuel
transporting units could cause significant health and safety hazards if leaks
developed in these systems. In addition, particles of rust in the fuel line
could clog fuel filters, damage fuel pumps, and clog carburetor Jets or
fuel-injector orifices. In order to prevent rust-related problems from
occurring, corrosion inhibitors are added to unleaded gasoline in low concen-
trations, typically 4 to 40 ppm (Tupa and Dorer, 1984). COmission of these
additives could result in corrosion and damage to fuel systems, most likely

resulting in increased emissions.

Detergents and polymeric dispersants form emulsions with water and
other contaminants in the fuel. During tramsportation and distribution, the
fuel will come into contact with water and other contaminants. The emulsions
formed with the detergents and peolymeric dispersants would tend to block fuel
filters, and could cause corrosion, carburetor icing, and fuel line freeze-up
if not separated from the fuel. To counteréct the emulsifying tendencies of
detergents and polymeric dispersants, demulsifiers, consisting of chemicals

that are highly surface active, are added to the fuel (Tupa and Dorer, 1984).
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2.3.2.3 Quality-Enhancing Additives

Anti-oxidants are organic compounds that inhibit oxidation and gum
formation in gasoline during storage. The major concern about gum in gasoline
is its tendency to form deposits in the fuel delivery system and the intake
manifold. The effects of intake system deposits on emissions is discussed in

Section Four.

The effectiveness of anti-oxidants depends on the fuel's olefin
content. As the fuel's olefin content increases, anti-oxidants lose their
ability to resist the formation of gum. Several bench tests determine the
oxidation-reducing characteristics of anti-oxidants in specific fuels. To
date, no reports of significant emissions impacts due to inadequate anti-

oxidant usage have been published.

Copper and its compounds, along with other trace metals, are cata-
lysts that promote the oxidation of gasoline. Metal deactivators are neces-
sary because of the ineffectiveness of anti-oxidants in reducing the oxidation
reaction initiated by trace metal contaminants. Chelating agents are used to
reduce the copper compounds in the fuel to a compound which does not have

pro—oxidation tendencies.

Radian's literature review did not reveal any significant emissions
impact due to inadequate usage of chelating agents. If chelating agents are
not present, gum can form when the fuel comes into contact with copper. In
this instance, the emissions effect expected would be similar to the effect

resulting from inadequate use of detergents and polymeric dispersants.

2.4 California Unleaded Gasoline Regulations

The composition of unleaded gasoline is governed by both Federal and
State laws and regulations. The EPA has established rules and guidelines for

unleaded gasoline based on the authority granted by Section 211 (£f)(1l) of the
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Clean Air Act. In order for unleaded gasoline to be sold, it must be "sub—
stantially similar" to the indolene fuel used for emissions certification
testing, or receive a waiver from EPA. In order to be considered "similar,"
the fuel must not contain additives incorporating any elements other than
carbon, hydrogen, sulfur, oxygen, and nitrogen. In addition, the fuel may not
contain more than 0.05 grams of lead and .005 grams of phosphorus per gallomn,
and the oxygen content of the gasoline cannot be greater than 2 percent by
weight (Federal Register, Volume 45, No. 199, 1980). However, EPA has granted
waivers for certain fuels such as gasohol containing up to 3.8 percent by

weight oxygen.

The California Air Resources Board also regulates the composition of
unleaded gasoline sold in the California. These regulations generally
parallel those of the Federal EPA, but contain a number of additional restric-—
tions. These restrictions include limits on the Reid Vapor Pressure (RVP) of
the fuel during the "smog season™, the degree of unsaturation, and the sulfur
content. Like EPA, California prohibits the addition eof lead, phosphorus, or
manganese to unleaded gasoline, and limits the permissible lead concentration
to 0.05 g/gal. The regulations for automotive vehicle fuels are found in
California Administrative Code, Title 13, Subchapter 5. The principal limits

on gasoline content and the date of adoption of each are listed in Table 2-3.

Bromine Number—-To 1limit the photochemical reactivity of gasoline

sold in the South Coast Air Basin (SCAB), ARB regulations limit the Bromine
Number of gasoline sold for motor vehicle fuel in the SCAB to a maximum of 30.
This limit applies to both leaded and unleaded gasoline. Bromine Number is a
measure of the olefin content of the fuel, and olefins have high photochemical
reactivity. This limit was originally adopted by the Los Angeles Air
Pollution Control Board in 1959, and has not been changed since. It was
intended as a Mcapping" standard--at the time of adoptiom, no modifications to

refinery practice were required in order to comply (Sierra Research, 1987).
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TABLE 2-3. SUMMARY OF APPLICABLE UNLEADED GASOLINE REGULATIONS

Most Recent

California

Regulation Federal Limit California Limit Revision to Limit
Lead Content .05 gm/gal .05 gm/gal 1973
Phosphorus :

Content .005 gm/gal .005 gm/gal 1973
Sul fur 1

Content N/A 300 ppm 1978
Manganese Cannot be added 2 Cannot be added

Content to Unleaded Gas to Unleaded Gas 1977
Oxygenate

Content:

2 4

Methanol O.OSZ2 N/R

MTBE 11.0% 5 N/R

Isopropanol 7.1% 3 N/R

TBA 15.72 3 N/R

Ethanol 10.0% 3 N/R

Oxinol-50 (R) 9.5% N/R
Reid Vapor Pressure

for Oxygenates N/A 90 psi 1980
Bromine

Number N/A 30 1959
Reid Vapor :

Pressure N/A 9.0 psi 1970

Footnotes:
1 Not Applicable

2 Limited by EPA "substantially similar™ ruling, Federal Register Vol. 45, no.
199, 1980.

Waiver allowing maximum content to be greater than EPA "substantially
similar™ rule limit.

4 Not Regulated
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ARB has performed a number of surveys to evaluate the Bromine
Numbers of gasoline sold in California. A 1974 survey found that the Bromine
Number for gasoline sold in the SCAB ranged from 6 to 14, However, surveys of
fuel intended for sale throughout California performed in 1984 and 1985
identified some gasolines with Bromine Numbers greater than 30 (Sierra
Research, 1987). The Bromine Number of gasoline can be estimated by

multiplying the olefin content (in percemt) by two (Sierra Research, 1987).

The olefin content of gasoline measured during the Motor Vehicle Manufacturers
Association (MVMA) Summer—1985 fuel survey ranged from 2 to 16 percent with a
mean of 7 percent (Benson and Yaccarino, 1986). This corresponds to a Bromine

Number range from 4 to 32 with a mean of 14.

Based on the ARB and MVMA survey results, it appears that the
present Bromine Number standard is having only a marginal effect in reducing
the photochemical reactivity of gasoline sold in the SCAB. To ensure that
gasoline sold in the SCAB is less photochemically reactive than that sold in
the remainder of the U.S. would require that the Bromine Number standard be
set at a lower level. Any reduction in the Bromine Number standard would
require a reduction in the olefin content of some gasolines, however. Since
olefins have good octane properties, this could complicate the achievement of
required octane levels, and would probably increase the cost of unleaded

gasoline. This would need to be taken into account in any regulatory action.

Reid Vapor Pressure——-The RVP of gasoline sold in California during

the "smog season" is limited to 9 psi. The time of year defined as the "smog
season™ for the purposes of this regulation varies from air basin to air
basin. This regulation was adopted in order to reduce evaporative hydrocarbon
emissions during periods of high photochemical activity. As discussed in
Section Five, gasolines with lower RVP levels result in less evaporative

emissions.

Sul fur——The sulfur content of unleaded gasoline sold anywhere in
California is limited to 300 ppm by weight. As discussed in Section Three,

this regulation was adopted primarily to limit sulfate emissions from vehicles
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with oxidation catalysts. Sulfur also reduces the efficiency of catalytic
converters somewhat, and contributes to ambient SO2 and particulate sulfate

levels.

Lead and phosphorus—-Both California and Federal regulations prohib-

it the addition of lead or phosphorus to unleaded gasoline, and establish
maximum tolerance levels for these contaminants. The present State and
Federal tolerance levels for lead and phosphorus in "unleaded" gasoline are
the same: 0.05 grams per gallon for lead and 0.005 grams per gallon for
phosphorus. These tolerances were established when unleaded gasoline was
first introduced in the mid '70s, in order to-account for the possible cross-
contamination of unleaded gasoline with leaded fuel during transport and
distribution. They have not been changed since, despite a 20-fold reduction

in the concentration of leaded fuel in the meantime.

Manganese——Both California and Federal regulations prohibit the
addition of manganese to unleaded gasoline, although manganese (as MMT) is
permitted and occasionally used as an octane improver in leaded fuel. Unlike
lead and phosphorus, however, the regulations do not establish a maximum
tolerance limit for manganese as a result of inadvertent contamination. This
has raised questions for ARB enforcement staff, as it is not clear what level

of manganese contamination should be considered to be a violation.

Enforcement——ARB regulations concerning the composition both of
leaded and unleaded gasoline are enforced through a program of random sampling
and analysis (Jackson, 1987). An ARB mobile laboratory collects approximately
1000 samples per year from retail outlets, distributors, and refiners. These
samples are analyzed for RVP, Bromine Number, lead, phosphorus, manganese, and
sulfur. Analyses for nickel and cadmium will be added in the future, to

accommodate potential ARB regulation of these metals.
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To date, these data have been used only for the enforcement of
existing gasoline regulations. Regulatory violations are occasionally found
in this sampling. Violations of the RVP limit are most common, although
sul fur and lead—content violations have also been found (Jackson, 1987). Once
a violation is detected, additional sampling is performed to identify the
extent of the violation, and to identify the cause and the party(ies) respon—

sible.

In addition to aiding in the enforcement of existing regulations,
the data developed in this sampling program could be very valuable in the
analysis of air quality data and .potential new regulatioms. Unfortunately,
they are not yet available in computerized form, although plans to enter them
into a database exist. Statistical analysis of these data would significantly
improve our understanding of current gasoline composition in California, and
might lead to new insights. It is recommended that ARB pursue this analysis

as quickly as possible.

2.5 Unleaded Gasoline Quality

The American Society for Testing and Materials (ASTM) maintains and
updates the Standard Specification for Automotive Gasoline, ASTM D439. The
standard is used as an industry guideline; unless it is specified by the
purchaser, gasoline from a refinery is not required to meet the standard. The
standard specifies the composition and performance tests that the gasoline
must meet to comply. Typical ASTM guidelines for gasoline are listed in Table
2-4. California regulates the sulfur content and RVP of unleaded gasoline to
values that are stricter than the standard. The ASTM standard does not
specifically require fuels to have any particular additives or blending
agents. It does, however, include tests of oxidation stability and
corrosiveness which might require the use of anti-oxidant and anti-corrosive

additives in order to pass.
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TABLE 2-4. TYPICAL ASTM D439 GASOLINE REQUIREMENTS

Lead Content, Maximum

Unleaded 0.05 gm/gal, 0.013 gm/L
Leaded 4.2 gm/gal, 1.1 gm/L
Existent Gum, Maximum 5 mg/100 ml

Sulfur, Wt., Maximum

Unleaded 0.10%
Leaded 0.15%
Oxidation Stability, Minutes 240

Distillation Temperaturesl,
°C (°F) at % Evaporated

10%Z Max. 60°C (140°F)

50Z Min. 77°C (170°F)

50% Max. 116°C (240°F)

90% Max. 185°C (365°F)

End Point, Max. - 225°C (437°F)
Distillation Residue, Maximum 2%
Reid Vapor Pressure, Maximum1 11.5 psi, 70 kPa
Antiknock Index2

Unleaded 85-90

Leaded 87-93

Varies with location and month of year.

Depends on application.

Source: Dorn and Mourao, 1984
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2.6 Summar

In summary, unleaded gasoline is a mixture of hydrocarbons derived
from crude oil, with other non—crude, oil-based additives and blending agents

added for specific purposes. Gasoline's main performance properties are:

. Octane Ratings;
. Volatility; and
. Stability.

Crude oil components affect the fuel's performance with regard to
octane rating, volatility, and stability. Non-crude oil components are used
to maintain the quality of the fuel during distribution and storage, and to

reduce knocking and the formation of deposits.

Gasoline constituents and additives also affect the emissions
performance of motor vehicles. Octane ratings below those required to reduce
"knock™ may lead to emission increases due to misfueling or spark advance
modifications. Insufficient use of certain additives can lead to gum forma-
tion causing increased fuel and intake system deposits that result in exhaust

emission increases.

Because of these and other potential emission impacts, both the EPA
and the State of California regulate the composition of unleaded gasoline. To
add to the fuel components other than hydrogen, carbon, oxygen., sulfur, or
nitrogen, an EPA waiver is required. In addition, California regulates the
RVP of fuel sold in the state during "smog season"; the Bromine Number; and
the sulfur, lead, phosphorus, and MMT content of the fuel. EPA and ARB
standards for the lead, phosphorus, and sulfur content of unleaded fuel were
established in the mid '70s, and have not been changed since. As discussed in

Section Three, these issues should be re-examined by ARB,
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The Bromine Number 1limit was originally adopted to restrict the
photochemical reactivity of gasoline sold in the SCAB. The current Bromine
Number 1limit has only a marginal effect on the photochemical reactivity of
gasoline sold in the SCAB compared to other California Air Basins, and has not
been changed since 1959. It is recommended that ARB re-evaluate this limit to
determine whether a lower value would be feasible and cost-effective for

reducing the photochemical reactivity.
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3.0 EFFECT OF IMPURITIES ON EMISSION CONTROL SYSTEM COMPONENTS

Elemental impurities such as lead, phosphorus, sulfur, and manganese
may enter unleaded gasoline by a number of routes. Sulfur is a normal
constituent of crude oil, and small quantities of it carry through the
refining process to wind up in gasoline. Recycling of solvents, etc. can also
result in contaminants carrying through—--as with silicone oils in several

recent cases.

"Unleaded™ gasoline may also be contaminated by additives such as
lead, phosphorus, and manganese, due to mixing with leaded gasoline during
distribution and storage. Under California law, gasoline containing up to .05
grams (50 milligrams) of lead and .005 grams (5 milligrams) of phosphorus per
gallon may legally be sold as Munleaded". These limits were established in
1973, when leaded gasoline contained more than two grams of lead per gallon.
Beginning in January 1988, leaded gasoline will be limited to an average of
100 mg/gal of lead. Thus, a 50:50 mix of leaded gasoline and "sterile" (lead
free) fuel could legally be sold as "unleaded”.

Impurities in unleaded gasoline are of concern primarily due to
their effects on vehicle emission control systems. However, lead, and the
sulfur dioxide (SOZ) and sulfates formed from the combustion of sulfur in
gasoline are also significant pollutants themselves. All areas of California
are now in attainment of the State and Federal ambient lead standards, but the
South Coast air basin marginally exceeded the State sulfate standard, and the
South Central Coast air basin exceeded the SO2 standard in 1986.

The emission control system components which are most sensitive to
gasoline impurities are catalytic converters and oxygen sensors. The
efficiency of these components may be temporarily or permanently reduced by
lead, phosphorus, sulfur, and amorphous silica (formed from the combustion of
silicones) in the exhaust. Other components of a modern—-day emission control

system include the air management system, evaporative emission control system,
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electronic spark control, electromnic fuel-injection, exhaust gas recirculation
(EGR) system, and heated air intake. These are considered relatively
insensitive to contaminants in the fuel. The only known adverse effect of
contaminants on any of these systems is on the EGR system, which may be

clogged or plugged by large amounts of lead or other ash—forming contaminants.

Radian's literature review identified the following gasoline impuri-—
ties as having the potential to impair the performance of catalytic converters

and/or oxygen sensors:

. Lead;
. Phosphorus;
® Silicon (in the form of silicones);

™ Sulfur; and

. Manganese.

The routes of contamination, concentrations, and effects of each of these

contaminants on emissions are discussed below.

3.1 Lead

When catalytic comverters were first developed, lead anti-knock
additives were shown to cause severe poisoning of catalytic converters. To
permit the use of catalytic converters for emissions control, EPA mandated the
sale of unleaded gasoline at service statioms in 1974. At that time, ordimary
"leaded" regular gasoline contained more than two grams of lead per gallen.
Recognizing that some cross-mixing between leaded and unleaded fuel was
inevitable, EPA and ARB established a permissible lead tolerance of 0.05 grams
per gallon (50 mg/gal) (California Administrative Code, Title 13, Subchapter
5). This tolerance level remains in effect, even though the permissible lead
content in leaded gasoline has declined 20-fold since that time., to 100 mg/gal

at present.
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The effects of high concentrations of lead on emission control
system components are well known and extensively documented (Hammerle and
Graves, 1983; Duncan and Braddock, 1984; McIntyre ‘and Faix, 1986). Lead
affects the ability of a catalytic converter to reduce oxides of nitrogen
(NOx) and to oxidize hydrocarbons (HC) and carbon monoxide (CO). In the
catalytic converter, lead appears to have two distinct poisoning mechanisms.
At catalyst operating temperatures below 550°C, a barrier of lead sulfate
builds up and appears to reduce the diffusion of exhaust gas constituents to
the noble metal sites. At temperatures between 700 and 800°C, the active
platinum sites appear to be poisoned by lead oxide, or lead. Lead buildup on
the catalyst at 750°C appears to be due to deposition of a lead oxide vapor.
The lead oxide appears to buildup uniformly throughout the 'wash coat and
poisoning occurs from the interaction of the lead oxide with platinum

(Hammerle and Graves, 1983).

Lead also reduces the operating capability of oxygen sensors by
apparently blocking the diffusion of exhaust products to the surface of the
sensor. Oxygen sensors poisoned by lead cannot output a rich signal (greater
than 0.5 volts). The mixture control system in a modern three-way catalyst
equipped vehicle works on a feedback principle, varying the air fuel mixture
in response to the lean/rich signal from the oxygen sensor. Since the the
feedback system receives only a "lean" sgignal, it will drive the actual
air/fuel ratio rich. This can dramatically increase CO and HC emissions.
When exposed to exhaust from an engine operating on gasoline containing 1.5
grams of lead per gallon, oxygen sensor performance is affected after 48 to
120 hours (Hammerle and Graves, 1983).

Lead concentrations of 0.5 gm/gal have been shown to cause premature
degradation of three-way catalytic converters (Duncan and Braddock, 1984).
Additional work by McIntyre and Faix (1986) has shown significant catalyst
deterioration due to misfueling with high-~lead gasoline even where misfueling
episodes were infrequent. This work showed that catalytic converters which
are "poisoned" by use of leaded gasoline can recover some of their efficiency

if they are subsequently operated on unleaded fuel. This recovery is not
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complete, however——HC and NOX conversion efficiencies do not return to their

pre—poisoning levels.

In the 70's, lead levels above two grams per gallon were common in
leaded gasoline. At present, however, Federal regulations 1limit the lead
concentration of leaded gasoline to 0.1 gm/gal. Relatively little work has
been done to examine the effects of these lower lead levels on emission
controls. However, the work that does appear in the literature (EPA, 1975;
Williamson et al., 1979; Williamson et al., 1985) shows significant long-term

effects even at very low levels of lead contamination.

Williamson and co—workers (1979) examined the effects of low levels
of 1lead contamination on three-way catalyst activity in the 1laboratory.
Catalysts were aged on a pulse-flame reactor simulating conditions in use, and
exposed to differing levels of lead contamination of the fuel. Conversion
efficiency was measured under modulated conditions simulating closed-loop
operation. Figure 3-1 shows the results for lead levels of 0, 1, and 6 mg/gal
lead contamination as a function of simulated mileage, as well as the effects
of a one-time misfueling with high-lead (1.58 gm/gal) gasoline. As this
figure shows, conversion efficiency with the contaminated fuel decreases and
then levels off at a lower level. For the zero-lead fuel, the loss in
conversion efficiency is negligible, but at 6 mg/gal HC conversion efficiency

drops from about 80 percent to less than 60 percent.
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Figure 3-1. Effect of Lead Levels on Converter Durability - Pulsator Aging
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The extent of efficiency loss is affected by the operating
conditions. Figure 3-2 shows similar data from a later paper by Williamson et
al. (1985), using a European test cycle which included more high-speed,
high-load operation. The trends are similar to those in Figure 3-1, but the

loss in efficiency is greater and occurs more rapidly.
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Figure 3-3 shows the effects of lead contamination levels ranging
from 0 to 18 mg/gal on steady-state catalyst efficiency under mildly rich and
rich operating conditions after 25,000 simulated miles of operation. The
parameter R shown in the figure is the ratio of reducing to oxidizing
components in the exhaust gas, the value of R=1.05 shown in this figure

reflects a slightly rich mixture, while R=1.80 is a very rich one.
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Figure 3-3. Effect of Lead Levels on Steady-State Catalyst Operation
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As Figure 3-3 indicates, the loss in catalyst efficiency under these
conditions is significant, reaching more than 35 percent at 18 mg/gal for HC
and NO under slightly rich conditions. The loss 1is even greater at the
richer conditions tested. It should be noted that even 18 mg/gal (the highest
lead concentration tested by Williamson et al.) is about one third the current

standard of 50 mg/gal for lead in "unleaded" gasoline. Thus, even "unleaded”

gasolines may legally contain lead concentratiomns which are known to cause

substantial loss of catalyst efficiency.

It appears that some gasoline marketers may be abusing the present
lenient standard for lead in unleaded gasoline. ARB compliance staff
(Jackson, 1987) have found that gasoline from ome particular blender is often
at or near the statutory limit, even though (as noted above) this would
require approximately a 50:50 leaded with sterile unleaded fuel. Apparently,
this blender is mixing heavily contaminated gasoline from pipeline ends, etc.

with unleaded and marketing the result as unleaded fuel.

Given the significant emissions impacts of even small amounts of
lead in gasoline, there is no reason to tolerate such abuse of the
regulations. It is recommended that ARB move immediately to reduce the
permissible level of lead in unleaded gasoline by at least a factor of ten (to
5 mg/gal), and that it consider further reductions if statistical analysis of
the Compliance Division's gasoline sampling database indicates that they are
warranted. Since the present leaded gasoline contains less than a twentieth
of the lead concentration that it had when the.present tolerance levels were
set, this immediate factor—of-ten reduction should cause no hardship for those

who are not presently abusing the system.

3.2 Phosphorus

Phosphorus is sometimes used in leaded gasoline at concentrations
about 1/10th that of lead. The maximum legal quantity of phosphorus in
unleaded gasoline sold in California is 5 mg/gal. This permitted level was

set at the same time and for the same reasons as the lead tolerance.
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Significant quantities of phosphorus (up to .17 mass percent, or about 1.5
gm/quart) are found in engine oils (Caracciolo and Spearot, 1979). Most
phosphorus in the exhaust stream comes from the engine oil, not from the fuel.
At 20 MPG and 5 milligrams of phosphorus per gallon of fuel, a catalyst would
be exposed to about .25 grams of phosphorus from the fuel per 1000 miles.
This is about one-sixth the phosphorus from the engine oil, assuming a
moderate oil consumption level of one quart per 1000 miles. Since ARB's
compliance division has not detected violations of the phosphorus standard in
unleaded gasoline (Jackson, 1987), it can be concluded that the great bulk of

the phosphorus going into the catalyst comes from the oil.

Phosphorus is a catalyst poison, acting to block the diffusion of
exhaust gas constituents to the noble metal sites in the catalyst. Once they
have been poisoned by phosphorus, catalysts cannot be reactivated by thermal

treatments (Joy et al., 1985).

The effect of currently permitted levels of phosphorus in fuel on
emissions is probably minor. Williamson et al. (1979) found little clear
effect on emissions at phosphorus levels up to 8.2 mg/gal. 1In any event,
these effects would be small compared to those of phosphorus in the oil. A
number of studies found in the literature have evaluated the impact of
oil-derived phosphorus on emission control system performance (Caraceiole and
Spearot, 1979; Williamson et al., 1984; Joy et al., 1985). Sierra Research
will be evaluating these data under Task 4 of this contract. Any
recommendations for regulatory action on phosphorus will be presented in that

report.
3.3 Silicon

Silicon is a common element in the earth's crust, and (in the form
of crystalline silicates) is probably found at 1low levels in all
petroleum-derived fuels due to contamination with dust, etc. At low levels,
these silicates should have little effect on emission controls. Silicon in

synthetic silicones, however, can be very damaging. Instances of fuel
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contaminated with silicones have occurred in Detroit, Michigan, and in
northern Florida (Holleboom et al., 1986). Radian is not aware of any
documented problems with silicone—contaminated fuels having been sold in

California.

Silicones, when exposed to extreme temperatures in the combustion
chamber, decompose to form amorphous silica. Amorphous silica deposits on
oxygen sensors and catalytic converters and blocks diffusion of the exhaust
gas constituents to the catalyst. Once in the exhaust stream, small amounts
of silica produce rapid and irreversible damage to the catalytic comverter.
In laboratory tests, aging of three-way catalysts using fuel doped with 20 ppm
silicon as silicones resulted in three-way catalyst conversion efficiencies of
less than 40 percent for all three constituents after only 15,000 simulated
miles (Gandhi et al., 1986).

Silica deposits also significantly reduce oxygen sensor performance.
By coating the outer electrode witﬁ silica, the mass transfer of exhaust
components is reduced. This increases the oxygen transfer from the air
reference side to the outer electrode at a given air/fuel ratio. . The result
is an increase in the output voltage of the sensor at a given air/fuel ratio.
Also, the response time for the sensor to toggle from rich-to-lean increases.
Figure 3-4 shows the effect of silica poisoning on oxygen sensor output

voltage.

In addition to the poisoning of the outer electrode, the inner
electrode of an oxygen sensor can become poisoned. This type of poisoning
occurs when silicone rubbers become overheated and contaminate the air refer-
ence. When the air reference side is poisoned, the voltage output of the
sensor decreases at a given air/fuel ratio. This occurs because the diffusion
of the oxygen ions from the inner to the outer electrode is inhibited. This
can result in negative voltage outputs from the oxygen sensor (Holleboom et
al., 1986). 1In this case, the electronic control system is drivem to an
excessively rich condition, causing large increases in hydrocarbon and carbon

monoxide emissions.
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To date, silicone contamination has been reported only in a few
isolated instances; it does not appear to be a widespread problem. These
instances are disturbing, however, as there appears to be no clear regulatory
mechanism for preventing a recurrence. Regulations requiring chemical
analysis of recycled solvents and/or prohibiting their mixture with process
streams intended for unleaded gasoline may be indicated. ARB should also
examine further the potential effects of silicone rubbers, gasket sealants,

etc. in the automotive aftermarket on catalytic converters and oxygen sensors.
3.4 Sul fur

In California, state regulations limit the sulfur content of unlead-
ed fuel to less than 300 ppm. This limit was added to the California Adminis~-
trative Code primarily because of concern about sulfuric acid emissions from
vehicles with catalytic converters. When converters were introduced in the
mid-1970s, concerns regarding the conversion of sulfur dioxide (SOZ) into
sulfuric acid (HZSOA) were voiced. Precious-metal catalysts can oxidize 802
to sulfur trioxide (SO3), which combines with water in the exhaust to form
sulfuric acid. EPA, at the time, believed that significant inecreases in the
ambient sulfate concentrations might occur as a result of catalytic converter
use. These concerns have subsequently been found to have been overstated.

Although oxidation catalysts do produce some sulfates, this effect is much
less than was originally feared (ARB, 1978).

Two other motivations for 1imiting sulfur in unleaded gasoline were
its detrimental effects on catalyst efficiency and its contribution to overall
502 and sulfate levels. For 1985, ARB's emission inventory shows that sulfur
in gasoline accounted for about 58.5 tons of SOx per day, out of a total
statewide inventory of 484 tons per day. About 30.2 tons, or more than half
the total, came from unleaded gasoline. For the South Coast Air Basin (which
marginally violated the State sulfate standard in 1986), sulfur in gasoline

accounted for 27.5 out of a total of 137 tons per day.
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Sulfur in gasoline can act as a poison for catalytic converters.
Sul fur compounds may either form a barrier, so that the exhaust constituents
cannot reach the noble metal catalyst, or it may react chemically with the
base metals to modify the catalyst's composition. Sulfur is known to react
chemically with the base metals in catalytic converters. This is one reason
catalysts containing only base metals are not functional in automotive

applications.

Tests with the levels of sulfur found in gasoline have shown that
increased sulfur slightly reduces catalyst efficiency. This effect, though
small (of the order of a few percent), is statistically significant (Furey and
Monroe, 1981). The poisoning due to sulfur is reversible. Once the sulfur in
the fuel is removed, the catalyst returns to its previous performance level.
Sulfur poisoning tends to affect HC and NOx conversion more significantly than

CO conversion.

In three-way catalysts under rich operating comditions, sulfur in
the exhaust stream is converted to hydrogen sulfide (HZS) when it reaches the
catalyst. Under lean operating conditions, SO2 and SO3 form in the catalyst.
In addition, at temperatures below approximately 600°C and under lean
operating conditions, sulfur reacts with metals in the catalyst {(Diwell et
al., 1987). The sulfur stored in the catalyst is released when the
temperature rises above 600°C or the air/fuel ratic switches from lean to
rich. During rich operation, the previously stored sulfur is rapidly released
from the catalyst and reacts with H2 to form HZS' The quantity of HZS
released under these conditions can be significantly greater than would be
anticipated based on the fuel sulfur content (Henk et al., 1987). This 1is
apparently responsible for the pronocunced "rotten egg" odor sometimes produced

by three way catalyst vehicles.

During normal operation, the mixture in a three-way catalyst vehicle
cycles continuously between lean and rich conditions. If sulfur is stored
under lean conditions, and released as HZS in rich conditions, then a large

fraction of the sulfur in gasoline used by three—way catalyst vehicles could
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be emitted as st. In addition to being malodorous, this gas is also
extremely toxic, which could be a concern in some circumstances. The
of fensive odor is normally detectable at well below toxic concentrations,
however, so the toxic threat is not a major one. This odor may create an
incentive to tamper with catalytic converters, however, and is thus
undesirable from an air-quality as well as a quality—of-life standpoint. HZS
emissions from three way catalysts can be reduced by adding metals such as
nickel to the washcoat formulation, or by reducing tﬁe sul fur content of the

fuel.

A reduction in the sulfur content of unleaded gasoline appears
desirable for all of the reasons discussed above. Such a reduction would
directly reduce SOZ’ sulfate, and H2S emissions; and would slightly increase
the efficiency of catalytic converters, thus helping to reduce HC, NO, and
NOx. In a 1978 report on this issue (ARB, 1978), ARB staff recommended that
sulfur be phased down in stages from 500 ppm to 100 ppm in steps of 100 (the
Board subsequently adopted only the first three steps). Since that time, the
adoption of a diesel fuel sulfur standard of 500 ppm for the South Coast may
have altered the economics of lowering gasoline sulfur. It is recommended
that ARB re-examine this issue to determine whether further reductions in

gasoline sul fur would be cost—effective under the current circumstances.

3.5 Manganese

Methylcyclopentadienyl manganese tricarbonyl (MMT) has been suggest-
ed as a lead substitute. This performance—enhancing, anti-knock additive has
been known for many years. It is used occasionally as an octane—enhancing
additive in leaded gasoline in the U.S., including some gasoline sold in
California. To produce the same anti-knock properties as 1.0 gram of TEL, 1.3
grams of MMT are required (Obert, 1973). Manganese is also helpful in
protecting exhaust wvalve seats from destructive recession. With the
expiration of lead credits in 1988, future leaded gasolines may contain larger
amounts of MMI. Use of MMT is prohibited in U.S. unleaded gasoline, although

Canada permits its use in unleaded fuel.

VIi-37



The use of MMT is known to increase engine—out HC emissions
somewhat, but its effect on emission control system components (e.g. catalytic
converters and oxygen sensors) is controversial. In 1979, the Coordinating
Research Council (CRC) undertook a study with representatives from EPA, ARB,
automotive manufacturers, and oil companies to determine the effects of MMT on
emission control system components of 1977 and 1978 California vehicles.
Sixty-three vehicles accumulated over 3 million miles during the testing
program. The study showed that use of MMT at dosage levels of 8.3 and 16.5
mg/liter (0.03 gm/gal and 0.0625 gm/gal) resulted in increased engine—out and
tailpipe HC emissions. An increase in tailpipe HC emissions of .09 gm/mi
occurred at 50,000 miles using MMT at .03 gm/gal; an increase in.tailpipe HC
emissions of .11 gm/mi occurred at 50,000 miles using MMT at .0625 gm/gal
(Benson et al., 1979). MMT did not adversely affect the emissions of NOx or
CO. The converter efficiencies were not affected by the use of MMI. 1In fact,
HC comverter efficiencies were 2 percent to 3 percent higher for vehicles
which used MMT for 50,000 miles compared to vehicles which used fuel without

MMT for the same mileage (Benson et al., 1979).

In more recent work, MMT usage and its effect on catalytic convert-—
ers was studied using a combustor. The combustor burned a stoichiometric
mixture of 75 percent isooctane and 25 percent heptame. An amount of MMT
equivalent to an MMT dosage of 0.0625 gm/gal was added to this mixture. The
HC and CO conversion efficiency of the catalyst was not negatively affected by
the use of MMT; however, the NOx conversion efficiency steadily deteriorated
until, at approximately 15,000 miles, its efficiency dropped to 60 percent.
At the end of the study, the catalyst's NOx efficiency had dropped below 30
percent (Duncan and Braddock, 1984).

Other MMT studies have been performed to determine its impact on
catalytic converters. Those studies have generated mixed results. Plugging
of the converter has been reported in some studies; other studies did not find
negative impacts due to MMT usage (Williamson et al., 1982). A recent study

indicates that MMT can reduce the phosphorous deposits from oil-based ZDDP.
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The study concluded that combustion of MMT to Mn304 served as a scavenger for
transporting away fuel and oil-derived catalyst poisons including phosphorous,

zine, and lead (Williamson et al., 1982).

MMT is occasionally used in leaded fuel sold in California, and it
can thus be expected that some contamination of unleaded fuel with MMT will
occur. To date, however, this has not been observed in ARB's sampling
(Jackson, 1987). With the phase-down of lead in leaded gasoline, there will
be increased economic incentives for the use of MMT, and its use may become
more widespread. There is presently no defined maximum tolerance level for
manganese in unleaded @gasoline, although its deliberate addition is
prohibited. To facilitate enforcement, some such tolerance level should be
defined. As the available data indicate that manganese has fairly minor
effects on catalyst activity, this limit need not be particularly striect. A
limit of 0.0125 grams per gallon, one-tenth the recommended concentration in

leaded fuel (Weaver, 1984), is recommended.

3.6 Summary, Conclusions, and Recommendations

" The current tolerance level of 0.05 grams per gallon for lead in
"unleaded™ gasoline has not been changed since the mid '70s, despite a
twenty—-fold reduction in the lead content of leaded gasoline over that period.
The legal lead concentration in unleaded gasoline is now one-half the legal
lead content of leaded gasoline. Lead has been shown to reduce the efficiency
of three—way catalytic converters at levels as low as 6 milligrams per gallon.
The current tolerance level is also being abused by at least one blender, who
regularly markets "unleaded™ gasoline with lead levels approaching 0.05 grams
per gallon. We recommend that ARB move immediately to reduce this tolerance

level by a factor of ten, to 5 milligrams per gallon

The current tolerance level for phosphorus in unleaded gasoline is
0.005 grams per gallon. This tolerance was set at the same time as the lead
tolerance, and is probably unnecessarily high. However, phosphorus at this
level does not result in clear damage to the catalytic converter. 1In

addition, even if all unleaded gasoline contained the maximum legal amount of
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phosphorus, the resulting contamination would be small compared to the effects
of phosphorus from the engine oil. Thus, there would be little or no benefits

from a change in the tolerance level for phosphorus.

Silicone contaminants in gasoline can damage catalytic converters
and oxygen sensors by coating them with amorphous silica. There is no
evidence that this has occurred in California, but incidents have been reported
elsewhere in the U.S. The source of the silicon contamination was apparently
recycled solvents containing silicone oils. Regulations prohibiting such
recycling or requiring chemical analysis of the recycled material might be
required if more such problems are reported. Combustion of thermal
degradation of silicone rubbers, gaskets, sealants, etc. can also result in
catalyst or oxygen sensor damage. ARB should examine the extent to which
gsilicones are included in aftermarket products-—some regulation of silicones

" in these products may be warranted.

The sulfur content of unleaded gasoline is presently limited to 300
PPM. In 1978, ARB staff recommended that this be phased down to 100 PPM in
1984, but this recommendation was not adopted by the Board. Reducing the
sulfur content of gasoline would contribute to attaimment of the SO2 and
sulfate standards in those areas now in violation of them, as well as reducing
HZS emissions from three-way catalysts. A slight increase in catalyst
efficiency would also result, thus reducing HC, CO, and NOX. ARB should
re—examine the costs and cost—effectiveness of further reductions in gasolimne
sul fur content, since the reduction in diesel fuel sulfur in force in the
South Coast (and under consideration for the rest of the State) may have

affected the costs of gasoline sulfur reduction as well.

Manganese (as MMT) may legally be used as an antiknock in leaded
gasoline, and is so used in some leaded gasoline sold in California. Due to
the phase—cut of lead, increased amounts of ﬁanganese may be used \in the
future. Contamination of unleaded gasoline with small amounts of manganese is

likely as a result. Manganese increases engine—out HC emissions, but in low



concentrations it has no major deleterious effects on catalysts. Thus,
cross—contamination of unleaded gasoline with small amounts of manganese is
unlikely to have much effect. To ensure against excessive contamination,
however, ARB should establish a tolerance level for manganese in unleaded
fuel. A tolerance level of 12,5 milligrams per gallon (one tenth the normal

level in leaded gasoline) is suggested.
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4.0 FUEL INJECTOR AND INTAKE SYSTEM DEPOSITS

Fuel and intake system deposits in gasoline engines are not a new
problem——the need for detergents to maintain carburetor and intake system
cleanliness has been recognized for many years. With the recent expansion in
the use of multi-point fuel injection systems, fuel-injector deposit formation
has come to be recognized as a major problem as well. Public attention was
drawn to this issue in 1985, when General Motors Vice—Chairman Howard H. Kehrl
addressed the issue in a 1985 letter to major oil company executives. In the
letter, Mr. Kehrl asked about the oil companies' plans for improving the
quality of the fuel, and thereby reducing injector deposits. It was stated
that repairing vehicles with injector deposits had become a major warranty

problem for General Motors and other automobile manufacturers.

Since that time, a great deal of research in the area of fuel
injector deposit formation and prevention has been published. The use of
proper doses of detergent/dispersant additives has been shown to prevent fuel
injector deposits; with larger doses, existing deposits can be removed.
Gasoline formulations containing such detergents are now marketed (with
extensive advertising) by most major oil companies. However, not all gaso-
lines contain the appropriate detergents in the proper quantities, and depos-
its may thus continue to be a problem. In addition, it has been found that
some presently-used detergents may actually exacerbate another problem: that

of deposit formation on the intake valves.

Both fuel injector and intake system deposits increase exhaust
emissions, in some cases substantially. Use of multi—point fuel injection
systems is common now, and is expected to become increasingly common in the
future. A case can be made, therefore, for ARB regulations to ensure adequate
fuel detergency to prevent deposits. This section describes the effects of
deposits that occur in automotive engines and fuel-injection systems, the
mechanism of injector deposit formation, and the additives that can be used to

remove deposits and keep engines and fuel systems clean. In addition, the
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types and quantities of detergents used in California gasoline are estimated,

and potential regulatory actioms in this area are discussed.

4.1 Deposit Effects on Emissions and Performance

In multi-point fuel-injected engines, deposits in the injector
annulus can cause misfires, rough operation, loss of power, and hard starting.
These deposits reduce the effective flow area of the injector and cause the
cylinder to run lean. Because of feedback in the control system, the effect
of injector deposits does not follow the apparently logical path. One would
expect the leaning effect to cause an increase in NOx and a decrease in HC and
CO. However, severe injector deposits actually cause an increase in HC and CO

emissions.

The increase in HC and CO emissions can be attributed to the re-
sponse of the electronic fuel control system and to the reduction in vehicle
power due to the deposits. Differences in deposit formation between injectors
cause each individual cylinder to operate at a different air/fuel ratioc. The
oxygen sensor attempts to maintain the air/fuel ratio at stoichiometry. If
the oxygen sensor maintains the average air/fuel ratio of all cylinders at
stoichiometry, an emissions increase will occur. The cause of this increase
can be seen in Figure 4-1. The cylinders operating richer than stoichiometry
produce a greater increase in HC and CO emissions than the reduction produced

by the cylinders operating leamer than stoichiometry.

Another potential effect is the variation in power produced by the
rich and lean cylinders. Cylinders having extremely plugged injectors do not
produce the same amount of power as properly fueled or rich cylinders.
Extremely plugged injectors result in reduced power from the engine at a given
throttle opening. The driver is forced to step deeper into the throttle to
produce the power desired. Opening the throttle further causes additional air
and fuel'to enter the engine, thereby increasing the total mass of HC and CO

emissions produced by the vehicle. In addition, modern emission control
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Figure 4-1, Effect of Injector Deposits on Exhaust Emissions
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systems have algorithms which richen the air/fuel ratio at high throttle

openings. This effect would also cause an increase in HC and CO emissions.

Data from Tupa (1987) show that differences in the degree of re-
striction from injector to injector are more important in determining emis-
sions impacts than the average restriction for all injectors. Tupa and
co—workers measured emissions from two cars: a 2.2 liter, four cylinder,
turbocharged vehicle (car C) and a 3.8 liter V-6 (car G). These data are
shown in Figure 4-2. As this figure shows, where all injectors were re-
stricted equally, restrictions up to 30%Z had little effect on emissions.
Where some injectors were more restricted than others, however, emissions of
HC, CO, and NOx increased dramatically. The greater the range of injector

restriction, the larger the increase in emissiomns.

Intake valve deposits can also lead to increased emissions. The
major effect observed to date is on NOx (Gething, 1987). Gething showed that
valve deposit weights of 12 grams can cause an increase in NOx of up to 0.35
gm/mi. The cause of the increase in NOx emissions is not fully understood.
Two mechaznisms have been proposed as explanations for the increase in NOX
emissions. First, the valve deposit could increase intake flow velocities,
thereby increasing the turbulence 1level in the cylinder, resulting in
increased temperatures and pressures during combustion. Also, the deposits
may block the flow of the residual exhaust gas into the intake manifold during
the valve overlap period. This reduction in internal exhaust gas

recirculation (EGR) also could lead to increased NOx emissions.

Severe intake valve deposits could also produce an increase in HC
and CO emissions. As the valves grow more restricted, a larger and larger
throttle opening is required to achieve the same power level. At some point,
the throttle will open enocugh to trigger the "full throttle" response in the
electronic control system. Typically, this response includes richening the
mixture for best power and switching to open—loop control. The result is a

large increase in HC and CO emissioms.
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Combustion chamber deposits, if severe, can cause an increase in HC
emissions and an increase in the octane number required for the vehicle to
operate without knocking. Formation of these deposits is theorized to be one
of the significant causes of increases in HC emissions from aging vehicles
operating on leaded gasoline. Combustion chamber deposits do occur in vehi-
cles operating on unleaded gasoline, but the average increase in HC emission
due to combustion chamber deposits tends to be lower for unleaded vehicles

than for leaded vehicles (Weaver, 1986).

4.2 Causes of Fuel-Injector Deposit Formation

The pintle-type fuel injector- shown in Figure 4-3 is the most
popular injector used by automotive manufacturers. This type of injector
‘meters fuel in the annular region near the pintle tip. When the injector is
metering fuel, the clearance in this region is approximately 50 micrometers.
Due to the minimal metering area, these injectors are extremely sensitive to

the presence of deposits in the annular region.

A number of factors, most of which are not fuel related, impact the
formation of injector deposits. Underhood temperatures, driving cycles,
vehicle design, and fuel composition all determine whether a given vehicle
will develop deposits. The key variable in this determination appears to be

temperature of the injector tip during the hot soak period (Tupa, 1987).

4.2.1 Fuel-Injector Deposit Formation Hypothesis

The current generally accepted hypothesis is that injector deposits
are built up during the hot-soak period after a vehicle is driven. During the
sosk period, fuel weeping from the injector heats at the pintle, evaporates
and leaves a "gum"™ residue. When the engine is started, particles from the
EGR system, the PCV system, or the fuel system, collide with the gum and stick
there to form deposits. As time goes by, these deposits accumulate until

gsignificant reductions in the flow from the injector occur (Tupa, 1987).
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By studying the composition of injector deposits, a better under-
standing of deposit formation and of methods to prevent it can be developed.
Deposits on injector pintles generally contain carbon, hydrogen, nitrogen,
oxygen, sulfur, sodium, lead., and zinc. The organic fraction is predominantly
partially oxidized hydrocarbons. These hydrocarbons most likely originate
from the fuel. The inorganic fraction consists of sulfates and oxides of
several ﬁetals. These metals most likely originate from oil additives and the
vehicle's fuel system. The sulfur most likely comes from the fuel. This
composition of the deposits lends credence to the theory of fuel weeping from

the injector and "sticking™ to the pintle (Taniguchi et al., 1986).

4.2.2 Effect of Fuel Composition on Fuel-Injector Deposit Formation

The formation of injector deposits is related to fuel composition.
The most severe deposit—forming fuels tend to be catalytically cracked gaso-
iines, which are highly olefinic. Because of their unsaturated chemical
structure, olefins are relatively unstable, and thus form gums easily. Figure
4-4 shows the rate of deposit formation for several different fuel
compositions. The different fuel compositions were created by combining two
fuels in different percentages. The percentage of each fuel included in the
different mixtures are shown at the bottom of Figure 4-4. Listed in Table 4-1
are the chemical properties of the two base fuels used to create the different
fuel compositions shown in Figure 4-4. As the olefinic content of the fuel
increases, the rate of deposit formation for the average injector and the

worst injector increases.

Our understanding of the fuel components that cause injector depos-
its is not yet complete. The formation of these deposits is an extremely
complex phenomenon. It is not yet possible, therefore, to estimate deposit
formation rates accurately from fuel composition data. Limited testing of the
fiuel constituents indicates that olefin content, sulfur content, and polar
material content contribute to deposit formation (Taniguchi et al., 1986) .
Polar compounds found in gasoline include phenols, pyrroles, and anilines.
Alcohols are also polar compounds which are sometimes added to unleaded

gasoline. - e S S
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Figure 4-4. Deposit Formation for Different Fuel Compositions
TABLE 4-1. TEST FUEL SPECIFICATIONS

Fuel Code 54 P
Gum, mg/100 ml

Unwashed 8 2

Washed 5 1
Induction Period, Min. >1440 >1440
Composition, FIA, Vol

Olefins 23 3

Aromatics 24 31

Saturates 53 66
Sul fur, ppm 417 36
Total Nitrogen, ppm 144 6
Diolefins, Vol % by GC 0.27 0.04

Mass Z by MA 0.32 0.12

Distillation, °C

10% 57 44

50% 114 91

902 187 155

EP 218 198
Source Taniguchi et al., 1986
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4,2.3 Effect of Fuel-Injector Tip Temperatures on Deposit Formation

Different makes of vehicles exhibit varying rates of deposit forma-—
tion. TFigure 4-5 displays the variation in deposit formation rates for
different vehicles using the same fuel and driving cycle. Differences in
fuel-injector tip temperatures among vehicle makes are theorized to be the

reason for the variation in deposit formation rates.

Temperature profiles for different injectors on a given vehicle are
displayed in Figure 4-6. As can be seen, injectors 2 and 3 reached the
highest temperéture of the four injectors. Injector 4 remained the coolest of
all the injectors. In 91 percent of the deposit formation tests performed on
this vehicle, injectors 2 and 3 reached the restriction point first. In no
instance did injector 4 become restricted prior to the other injectors. These
data support the conclusion that injector tip temperature is related to
injector deposit formation (Taniguchi et al., 1986). Tupa (1987) has also
published data showing a strong positive correlation between deposit formation
rates and the ambient temperature during testing. These data also support the
conclusion, since injector tip temperature would be lower at lower ambient

temperatures.

4.2.4 Effect of Driving Cycle on Fuel-Injector Deposit Formation

Deposit formation rates vary depending on a vehicle's driving cycle.
These rates have been measured for a number of different driving cycle/soak
periods. The independent variables studied included the engine run time and
soak time. Table 4-2 lists the deposit formation rate for the four different
run/soak schedules that were used by Taniguchi et al. (1986). The testing
resulted in significantly increased deposit formation rates for the relatively
long soak period, with a relatively short run period. All other run/soak

schedules resulted in lower deposit formation rates.
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TABLE 4-2. DEPOSIT FORMATION RATES FOR DIFFERENT RUN/SOAK CYCLES

Soak Time (min.) 15 30 45
Run Time
(min.)
15 .40 4.7 Worst Injector
(.24) (2.5) (Average Injector)
30 .94
(.62)
45 .08
(.03

Deposit Formation Rate = Percent Flow Restriction/1000 km

Source: Taniguchi et al., 1986

Automotrible manufacturers use an accelerated durability driving test
schedule (the MAMA Cycle") to demonstrate emissions durability during certifi-
cation. In some cases the 50,000 miles of vehicle durability can be completed
in three months. This accelerated schedule contains none of the hot soak/run
cycles which cause fuel injector deposits. In most cases, the vehicle stops
only long enough to have an emissions test performed or to change drivers.
Thus, the certification durability schedule will not create injector deposits
in vehicles which may be susceptible to deposit formation. Deterioration
factors developed using this driving schedule would underestimate in-use

emissions from vehicles which are susceptible to injector deposit formation.

4.3 Detergent/Dispersant Effects

Derergent and polymeric dispersant additives are used in gasoline to
prevent deposit build-ups and remove pre—formed deposits from carburetors,

fuel-injectors, and intake systems. Detergents can effectively remove
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deposits from carburetors and fuel injectors, but may decompose at high
temperatures such as those found on the intake valve, resulting in increased
intake valve deposits (Tupa, 1987; Taniguchi et al., 1986). Polymeric disper-
sants are used to remove and to disperse deposits. Polymeric dispersants tend
to be more stable at higher temperatures and can be used at greater concentra-

tions than detergents (Tupa and Dorer, 1984).

4.3.1 Clagsification of Detergent Additives

, There are not generally—accepted industry guidelines for classifying
detergent additives by performance. Each additive manufacturer tends to use a
different classification approach, generally one which reflects well on that
manufacturer's products. Chevron Research Company (whose affiliate, Chevron
Chemical, is also an additive manufacturer) has developed a classification
methodology based on the formulation and pefformance of different detergent
additives. Chevron's classifications, along with the effects attributed to

the different classes of detergent additives, can be found in Figure 4-7.

Chevron's classification system consists of three generic classes:

] Carburetor/Injector Detergents;
) Detergent-Dispersants; and
. Deposit Control Additives.

Carburetor and injector detergents have performance properties
similar to the original carburetor detergents. These detergents are relative-
ly inexpensive. They are effective in preventing deposits from forming in
carburetor tﬁrottle bodies. These additives are not effective at keeping

critical air bleeds and intake systems clean (Chevron Research Company, 1985).
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Figure 4-7. Detergent Additive Classification and Performance
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Carburetor/injector detergents will prevent fuel injector deposits,
but this requires additive concentrations greater than those previously used
to maintain carburetor cleanliness. At these higher concentrations, carbure-
tor/injector detergents accelerate deposit formation on intake valves and
ports, however. This has been confirmed by a number of researchers (Tupa,

1987; Taniguchi et al., 1986; Jewitt et al., 1987)

‘ Additives classed as detergent—dispersants by Chevron provide
keep—clean performance for intake manifolds, throttle bodies, and other
ceritical systems. These additives are apparently the ones described as
"polymeric dispersants" by Tupa. According to Chevron, detergent—dispersants
can also can provide keep-clean performance for fuel-injectors and possibly
clean up fuel-injector deposits in mild fuels. Use of detergent—dispersants
tends to increase the formation of combustion chamber deposits (Chevron

Research Company, 1987).

According to Chevron, deposit control additives are the most effec-
tive detergent additives currently on the market (Chevron uses such additives
in its own gasoline, and markets them to other refiners). Two classes of
deposit control additives exist. Both classes provide keep-clean and clean-up
performance for throttle-bodies and fuel-injectors. The first class of
deposit control additives also provides keep—clean performance for intake
ports, intake valves, and PCV valves. The second class of deposit control
additives provides keep-clean and also clean-up performance for all systems
including intake ports, intake valves and PCV valves. These additives can be
used in mild fuels and production fuels while still maintaining fuel and

intake system cleanliness.

These classifications are used to define the performance character-—
jstics of the different additives in use today. The specific additive formu-
lations are proprietary; additive manufacturers generally do not divulge their
formulations. In published literature, additives are typically identified as

additive A, B, C, ete. It is difficult, therefore, to determine whether a
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specific set- of tests was performed using carburetor detergents or deposit

control additives.

4,3.2 Keep—Clean Additives and Dosages

In all papers Radian reviewed, additive manufacturers reported that
they were able to clean up and keep clean pintle—type injectors under the most
severe conditions (Lenane and Stocky, 1986; Abramo, Horowitz, and Trewella,
1986; Taniguchi et al., 1986; Tupa, 1987). However, in independent testing
performed by an oil company (Jewitt et al., 1987), a number of commercial
additive formulations failed to prevent injector deposits. Some of these
additives also contributed to excessive intake valve deposits. Unfortunately,
Jewitt et al. did not specify the chemistry or source for each of their

additives, identifying them simply as additive A, additive B, etc.

One study, Taniguchi et al. (1986), presented the results of injec-
tor keep-clean tests, and specified the additive formulation tested. This
study showed that under the most severe conditions, a polyether amine addi-
tive, a polybutene amine additive, and an alkyl succinimide additive were able
to keep pintle-type fuel-injectors clean when used at proper dosage levels.
These additives are all polymeric dispersants. One additive, an amino amide
detergent, was not able to maintain injector cleanliness under the severe
testing conditions. Figure 4-8 shows the rate of deposit formation for the

test fuel with and without the variocus additives.
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EFFECT OF ADDITIVES ON DEPOSIT FORMATION
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Source: Taniguchi et al., 1984.
Figure 4-8. Effect of Additives on Deposit Formation
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One additive was tested at various dosage levels. This was done to

determine whether lower dosages could be used to keep injectors clean. Figure

4-9 shows the rate of deposit formation for the various additive dosages that

were used. Testing was performed at one—quarter, one-half, and full dosage.

As shown by the figure, reduced dosages resulted in increased injector deposit

formation. The deposit formation rate was reduced with additive usage; wich

the full dosage, no deposit formation occurred (Taniguchi et al., 1986) .
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Source: Taniguchi et al., 1986

Figure 4-9. Effect of Additive Concentration on Deposit Formation

Note: Polyether Amire Additive added to a severe deposit forming fuel.
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This testing shows that not all additives are effective at maintain-
ing injector cleanliness. In addition, the full dosage of additives which are
effective must be used. If dosages less than those specified by the additive
manufacturer are used, deposit formation will occur. It is likely that the
effective dose is a function of fuel chemistry, and that this will be differ-

ent for different fuels.

4.3.3 Clean-Up Additives and Dosages

The work of Taniguchi et al. (1986) and others (e.g. Tupa, 1987)
shows that the additives used to maintain injector cleanliness can also be
used to clean up fouled injectors. Taniguchi et al. found that additive doses
which were effective for keep-clean performance in severe fuels could remove
injector deposits when used in normal production fuels. The amino amide
additive, which did not effectively prevent deposits in severe fuels, was an

ineffective deposit-removing additive when used in the production fuel.

These same additives were unable to remove the deposits when used at
the same dosage in an attempt to clean up fouled injectors while using the
severe fuels. The effective detergents appeared able to stop additional
deposit formation; however, they were not effective enough to remove the
deposits. A concentrated additive was added to the severe fuel to determine
if this additive would clean up the injector. When used at a high dosage

level, the additive concentrate was sufficient to clean the injector
(Taniguchi et al., 1986).

This study showed that when additives are used at the manufacturer-—
specified treatment levels in severe base fuels, they are not effective at
removing deposits. Only by adding a concentrated additive can the deposits be
removed when a severe fuel is used. These concentrated additives are sold in
the automotive aftermarket by a number of firms, including most of the major
0il and auto companies. They are intended to be added to the gas tank by the

vehicle owner.
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4.3.4 Intake Manifold and Combustion Chamber Deposits

In addition to removing injector deposits, detergents and polymeric
dispersants also must maintain the cleanliness of the intake system and
combustion chamber. In testing performed to date, polyether and polybutene
amine polymeric dispersants have been shown to reduce intake system deposits
(Lewis et al., 1983). Other detergents and dispersants (alkyl succinimides,
amino amides, and a polybuteme succinimide) do mnot reduce intake system
deposits as effectively. In scme tests, intake valve deposits were greater
for fuel containing an amino amide and fuel containing an alkyl succinimide,
than for fuel containing no detergents or dispersants (Taniguchi et al.,
1986). This effect has been observed by many workers in the field (Tupa,
1987 Jewitt et al., 1987; Gething, 1987).

Some deposit control additives increase the formation of combustion
chamber deposits. Chevron Research estimated the octane requirement increase
due to these combustion chamber deposits to be between 0.5 and 1.0 octane
numbers compared to gasoline without these additives. An increase of this
magnitude would mnot be expected to cause significant emissions increases,
although it might result in knocking by some marginal engines. Most engine
manufacturers incorporate sufficient allowance for octame requirement increase

(ORI) due to combustion chamber deposits (Weaver, 1984).

4.3.5 Detergent/Polymeric Dispersant Performance Tests

Two types of tests are used to evaluate the performance of deter-
gents. One test is the Coordinating Research Council (CRC) standard test for
measuring detergent effectivenmess. This test, widely accepted in the indus-—
try, is known as the CRC Carburetor Cleanliness Detergent Test. The second
test type has been developed to evaluate the formation of fuel-injector
deposits. Although there is genmeral agreement on the most vulnerable engines
and the important features of the test cycle, these tests have not yet been

codified into an industry standard.
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Because detergent use can potentially increase deposit formation
rates in intake systems, detergent testing should evaluate the ability to
maintain the cleanliness of all critical intake and fuel system components,
including the intake valves and ports and the combustion chamber. While some
tests of intake valve deposit formation have been reported (Bitting, 1987;
Jewitt et al., 1987), these tests are not yet universally accepted. No
industry standard test procedure to evaluate the overall cleanliness perfor-—

mance of detergent additives has yet been developed.

4.3.5.1 CRC Carburetor Detergency Test

Carburetor detergency effectiveness is measured using a standard
test procedure. The method measures the effectiveness of gasoline additives
in reducing the formation of carburetor throttle-body deposits. The test is
conducted on a dynamometer with a Ford six-cylinder, 240 cubic-inch engine.
Crankcase blowby gas is directed to the air cleaner to accelerate the deposit
build-up. EGR also is used to increase the quantity of contaminants entering
the engine. The engine is operated at idle (700 RPM) for three minutes
followed by seven minutes at 2,000 RPM. This cycle is repeated for 20 hours.

The carburetor on the Ford engine has been modified so the throttle
bore is removable. The removable throttle bore is an aluminum sleeve which is
weighed before and after the test. The difference in weight is the deposit

that accumulated during the test.

This test, although wuseful for additive manufacturers, does not
correlate with injector deposit formation in pintle-type injectors. The
operating enviromment of the pintle—-type injector is much more severe than the
carburetor bore on the CRC detergency test. Due to the difference in operat-
ing enviromments, additive manufacturers have developed specific detergency
tests for pintle-type injectors. The differences include the use of MPFI
engines, the use of a modified test schedule including significant hot-soak

time, and the use of severe fuels.
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4,3,5.2 Typical Fuel-Injector Detergency Test

Deposit formation testing with fuel-injected vehicles is typically
performed on a chassis dynamometer. The vehicle is cycled between a high-
speed cruise and an engine—off soak period. Generally, the soak period lasts
45 minutes, while the cruise period lasts 15 minutes at vehicle speeds near 55

mph.

The fuel used during the test generally has a high olefin content.
The deposit forming tendency is increased by using the less stable fuel. The
test is performed using a vehicle so that injector temperatures will be
representative of in—use conditioms. In most cases, the test is performed
until the injector deposits have stabilized, or a specified time period has

elapsed.

When testing the effectivemness of detergents in pintle-type fuel-
injectors, most additive manufacturers use the previously described procedure.
However, no single standard test (vehicle, driving cycle, and fuel composi-—
tion) has been generally accepted for evaluating the effectiveness of deter—

gents on pintle—type fuel-injectors.

4.3.6 Detergent/Polymeric Dispersant Usage

Until the recent publicity concerning fuel-injector deposit forma-
tion, detergent usage in unleaded gasoline had been declining. Because of
economic considerations, a number of refiners reduced detergent levels to cut
costs. According to an account manager with Lubrizol, the majority of oil
companies use a treatment in the range of 8 pounds of additive per 1,000
barrels (PTB) or 32 ppm. In addition, he estimated that 30 percent of the oil
companies in operation in the U.S. did not use any detergent additive at all
(Reebler, 1986).
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Chevron has estimated detergent/polymeric dispersant use for the
California gasoline market for 1985 and 1987. The Chevron estimates can be
found in Figure 4-10. Chevron uses three classifications (described in
Section 4.3.1) for detergent additives based on the additives' effectiveness
and chemistry. For 1985, Chevron estimated that 20 percent of the gasoline
sold in California contained no detergents. Due to the publicity over injec-—
tor deposits, this segment was estimated to have decreased to 5 percent during
1987. However, Chevron estimates that only 30 percent of gasoline sold in
California in 1987 contained deposit control additives. Fifty percent of the
gasoline sold in California was estimated to contain only carburetor
detergents-—the least effective form of detergent additive. Detergent-disper-

sant additives were estimated to account for the remaining 15 percent.

By Chevron's estimates, use of deposit control additives has in-
creased by 100 percent from 1985 to 1987. Detergent/dispersant use has de-—.
creased by an estimated 50 percent during the same period, while carbure-
tor/injector detergent use during the same time period has increased by over

40 percent (Chevron Research Company, 1987).

The increased use of carburetor/injector detergent, while potential-
ly reducing the formation of injector and carburetor deposits, cannot be
expected to reduce existing deposits. In addition, the greater use of these
additives could result in increased intake valve and port deposits, thereby

potentially increasing NOx emissions.

In order for a detergent to be acceptable in the marketplace, it
must work for carburetors as well as fuel-injection systems. Carburetted
engines will be present in California for a number of years to come. In the
limited testing reported to date, additives formulated for cleaning fuel-
injectors also keep carburetors clean (Lenane and Stocky, 1986; Jewitt et al.,
1987).
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California Gasoline Market

Distribution by Additive Treat

Estimated 1985
12 Billion Gallons

Deposit
Control
15%

Detergent
Dispersant
30%

Source:

Undefined
20%

Carburetor/Injector
Detergent
35%
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13 Billion Galilons
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S%
Deposit Control
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Carburetor / injector Detergent Low
Detergent Dispersant Medium
Deposit Control High

Chevron Research Company, 1987

Figure 4-10. Estimated Gasoline Detergent Use in California
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4.4 Fuel Factors

The South Coast Air Basin (SCAB) has placed limits on the degree of
unsaturation of motor vehicle fuel (refer to Section 2.4). Unsaturated
components include olefins and diolefins, which tend to be wunstable and
produce gum. Theoretically, reducing the quantity of unstable components in
the fuel should reduce injector deposits. As discussed in Section 2.4,
however, the bromine number regulation in the SCAB is so high that it has only
a marginal effect on the quantity of olefins and diolefins found in gasoline
in the SCAB. Any reduction in the maximum bromine number permitted in the
SCAB could be expected to reduce the concentration of olefins and diolefins
currently found in unleaded gasoline, and thus to reduce the formation of

injector deposits. The degree of this improvement is uncertain, however.

4.5 Estimated Excess Emissions due to Injector Deposits

To assist in evaluating the cost-effectiveness of a fuel detergency
regulation, Radian has developed a rough estimate of the impact of injector
deposits on excess emissions in California in 1986. Estimates of the number
of fuel-injected vehicles in California, the number of vehicles with injector
deposits, and the increase in emissions due to injector deposits, along with
emission factors and VMT data from EMFAC7C were used to predict the impact of

injector deposits on excess emissions.

Estimates for the number of fuel-injected vehicles were developed
from ARB and EPA fuel system sales fraction data (Lyons and Kenny, 1987;
Heavenrich et al., 1986). California passenger car sales were used for model
years 1983 through 1986. Estimates of California passenger car sales were
determined using EPA national sales figures for model years 1975 through 1982.
The total number of vehicles in California estimated using this method is
approxzimately the same as the California Department of Transportation estimate
for 1986: 12,841,000.
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Sales of fuel-injected vehicles in California, including both MPFI
and TBI vehicles, were estimated to be 12 percent of the total vehicle sales
for model years 1975 through 1979. These sales were estimated to increase at
a rate of 6 percent per year from 1979 until. 1983. The data presented by
Lyons and Kenny (1987) was used for model years 1983 through 1986. The Lyons
and Kenny data were not segregated by the type of fuel-injection system:
throttle-body or MPFI. Because injector deposits have not been identified as
a serious problem in throttle-body fuel-injected vehicles, these vehicles were
segregated from the MFFI vehicles. The California sales fraction of MFFI
vehicles was assumed to be the same as the national sales fraction, taken from

Beavenrich et al. (1986).

The number of fuel-injected vehicles on the road in California in
1986 was estimated to be 2,190,000 vehicles, or 17.2 percent of the 1986
passenger car population. The number of vehicles on the road was assumed to
be the same as the number of MPFI vehicles sold during the period from 1975
through 1986. ‘

Model-year specific emission factors for these vehicles were calcu-
lated using EMFAC7C. The MPFI emission factors for vehicles without injector
deposits were assumed to be the same as those predicted by EMFAC7C. Vehicles
with injector deposits were assumed to have emissions greater than those

predicted by EMFAC/C.

The percentage of MPFI vehicles with injector deposits was estimated
to be 5 percent of the entire MPFI fleet. These vehicles were assumed to emit
200 percent more hydrocarbons and 200 percent more carbon monoxide than
vehicles without injector deposits. The estimate of the total number of

vehicles with injector deposits was obtained from Chevron Research Company.

From discussions with automobile manufacturers, Chevron has estimat-—

ed the occurence of fuel-injector deposits by geographic regicn. For
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California, 5 percent is a conservative (high) estimate based on the data
presented by Chevron. These estimates reflect the number of vehicles being
serviced because of performance problems due to injector deposits. These
vehicles would be expected to be emitting significant quantities of excess
emissions. Because different vehicles respond differently to injector depos-—
its, Radian conservatively estimated the emissions increase for both HC and CO

at 200 percent.

Making these assumptions, the excess emissions due to injector
deposits are estimated to be 3,400 tons per year for HC and 34,700 tons per
year for CO in 1986. These values are equivalent to 9.3 and 95.1 tons per day
for HC and CO, respectively, or about 1 percent and 1.5 percent of total
passenger—car emissions of these pollutants. The calculations used to arrive
at these values can be found in Appendix A. Because the sales of fuel-inject-
ed vehicles are expected to increase significantly during the coming years,
excess emissions due to injector deposits could be expected to increase in the

future.

4.6 Cost-Ef fectiveness of Fuel Detergency Requirements

Based on the results discussed above, excess emissions due to fuel
injector deposits could essentially be eliminated by a requirement that all
unleaded gasoline sold incorporate one of the higher—performing additives that
are currently known. This requirement should also help to reduce the inci-
dence of carburetor -and intake valve deposits, further reducing total emis-—
sions. The cost of this action would depend on the cost of the detergents
involved. Unfortunately, these costs are not publicly available. Speaking in
very approximate terms, one additive manufacturer indicated that the costs of
the most effective additive treatments are less than one cent per gallon,
while the least expensive (and least effective) treatments are about one tenth

this cost.
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Table 4~3 shows our cost and cost-effectiveness calculations, based
on the rough cost information cited above. About three—quarters of the motor

gasoline sold in California is unleaded (California Energy Commission, 1987).

As shown in Figure 4-9, Chevron estimates that 5 percent of the
gasoline sold in California contains no detergent additives, 50 percent
contains carburetor detergents only, 15 percent contains detergent-disper—
sants, and 30 percent contains deposit control additives. We assumed that the
same percentages would apply to the unleaded gasoline component {(i.e. that
there are no important differences in additive usage between leaded and
unleaded). Using these assumptions and the Chevron estimate of 13 billion
gallons per year total gasoline sales, we calculated the volumes of unleaded
gasoline sold in California, broken down by additive type. These volumes are

shown in Table 4-3.

We then calculated the added costs of treating all unleaded gasoline
with deposit control additives. For the volume of fuel which presently
contains no additives, this cost was taken as one cent per gallon. For fuel
which presently contains carburetor detergent or detergent/dispersant addi-
tives, the added cost for upgrading to deposit control additives was taken as
0.9 cents per gallon. For fuel which is already treated with deposit control
additives, no additional costs would be incurred. These assumptions result in
a total cost increase of about $84 million per year. Allocating half of this
cost to HC reduction and half to CO results gives a cost of $8,750 per ton of
HC and $857 per ton of CO eliminated. These costs are toward the high end of
the range of cost—effectiveness values for HC and CO control programs adopted

in California to date.

The cost-per ton values shown in Table 4-3 should be considered as
order—of-magnitude indicators only. Both the estimated costs and the estimat-
ed benefits are highly uncertain, and a number of factors have been left out
of the calculation. Some of the factors omitted include: potential emissions,
benefits in non-MFPI cars and in trucks, savings in repair costs due to

improved engine cleanliness, savings on purchase of aftermarket additives, and
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TABLE 4-3. DETERGENT COST-EFFECTIVENESS ANALYSIS

Current Estimated California Gasoline Detergent Use

No Detergents

Carburetor/Injector Detergents

Detergent/Dispersants
Deposit Control Additives

Estimated Detergent Costs

Carburetor/Injector Detergent
Derergent/Dispersants
Deposit Control Additives

Total Cost Increase to Use Only
Deposit Control Additives

Estimated HC Reduction
Estimared CO Reduction

Cost—Effectiveness:

HC
co

468 x 107 gal
4,680 x 10, gal
1,406 x 106 gal
2,813 x 10" gal

$.001/gal

$.001/gal

$.01/gal

$59,500,000

3,400 tons

34,700 tons

$8,750/ton ($4.38/1b)
$857 /ton ($0.43/1b)
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potential fuel consumption benefits. In addition, due to the vagueness of the

available cost data, the costs of treatment may have been overestimated.

A1l of these effects, had they been included in the analysis, would
have tended to lower the costs per ton, perhaps significantly. Thus, the most
that can be said about the cost—effectiveness of requiring deposit control
additives is that it appears to be within the range of cost—effectiveness

values for other HC and CO control strategies that have been adopted.

4.7 Summary, Conclusions, and Recommendations

Multi-point fuel-injected vehicles are susceptible to injector
deposits, and these can cause significant emission increases. The extent of
the problem depends on vehicle design parameters and fuel composition. Both
automotive manufacturers and the petroleum industry are modifying their
products to reduce the occurrence of this problem. Even so, many current MFFI

vehicles models appear to be’ susceptible to deposits.

The components of the fuel which cause injector deposits are being
determined by researchers at this time. Olefins, alcohols, and polar material
all are suspected of contributing to the problem. Injector deposits can be
minimized by using specific detergents and polymeric dispersants. Not all
detergents are alike. Some classes of detergents, when used at the concentra-
tions required to prevent injector deposits, can cause increases in intake

valve and port deposits, which also result in increased emissions.

As a rough estimate, fuel injector deposits in passenger cars may
have been responsible for about 3,400 tons of excess hydrocarbon emissions and
34,700 tons of excess carbon monoxide emissions in 1986. Use of deposit
control additives in sufficient quantities would reduce, and possibly elimi-
pate, these excess emissions. The quantity of excess emissions produced due
to injector deposits is expected to increase as sales of multi-point fuel-

injected vehicles increase in the coming year.
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Because of the potential for significant emission increases due to
injector plugging, ARB should consider regulatory action in this area.
Presently, it is not feasible to remove the deposit—forming constituents from
the fuel, since the deposit formation mechanism is not fully understood. At
some future'time. this may be an option. Because sensitive injectors will be
in the fleet for at least another decade, and sales of MPFI-vehicles are
expected to increase, mandatory use of detergents and dispersants in unleaded
fuel may be indicated. Rough cost-effectiveness calculations indicate that
the costs per ton of emissions eliminated by mandating the most effective
deposit control additives would be within the range of cost-effectiveness
values for other HC and CO control strategies that have been adopted; and

probably less than about $8,750 per ton for HC and $850 per ton for CO.

It is recommended that ARB investigate further the costs and emis—
gsions benefits of establishing a minimum detergency standard for unleaded
gasoline. This investigation should focus on obtaining better estimates of
treatment costs and emissions benefits, including the benefits for carburetted
and throttle-body fuel-injected vehicles as well as those with multipoint
injection. Savings in repair costs due to reduced deposit formation could be
important, and should be quantified as well. As a first step in this investi-

gation, we recommend that ARB hold a workshop on the issue.

Establishment of a regulatory requirement for fuel detergency would
require the specification of some standard detergency test procedure. No
industry standard test procedure for injector deposit control exists at
present, although a number of organizations have developed test procedures
which might be adopted for this purpose. To assure against creating other
problems further downstream, the test procedure would need to address carbure-
tor, intake valve, and combustion chamber deposit formation as well as injec-—

tor deposits.
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5.0 THE EFFECT OF GASOLINE VOLATILITY ON EXHAUST HYDROCARBON EMISSIONS

Evaporative emissions from gasoline vehicles are directly (but not
linearly) related to the volatility of the 'gasoline used. Evaporative
emission control systems were designed to work with certification test fuel,
which has a Reid Vapor Pressure (RVP) of 9 psi. Higher-volatility fuels
result in higher evaporative emissions than measured in the certification
tests. Extremely volatile fuels may result in the evaporative control
canister becoming saturated with hydrocarbons, so that additional emissions
are not absorbed but emitted to the atmosphere. This phenomenon is known as
"break through".

Gasoline volatility may also affect exhaust emissions, by means of
two competing mechanisms. In highly volatile gasolines, an increased quantity
of hydrocarbons is stored in the evaporative canister. Purging the canister
richens the mixture, and can increase HC and CO emissions. However, gasoline
with too low a volatility rating can impair cold-start performance, resulting

in increased HC and CO emissions in the first bag of the FTP.

The Reid Vapor Pressures of both winter and summer—grade gasolines
in most of the U.S. have been gradually increasing during the past 10 years
(Dickson and Woodward, 1986). 1In Californmia, however, RVP is limited by
regulations to a maximum of 9 psi in most air basins during the summer months.
California has thus been spared the increase in evaporative emissions that
would have resulted from these more volatile fuels. EPA has recently proposed

a similar limit to take effect nationwide.

This section reviews literature describing gasoline volatility and
its impact on exhaust and evaporative hydrocarbon emissions. Since there is
little motivation at present to increase the summertime RVP limit in
California to more than 9 psi, this section focuses on the possible impacts of

decreasing this limit instead. As discussed below, the limited data available
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suggest that further reducing summertime RVP levels to about 6 psi would
probably result in small net increase in HC emissions, as well as degraded
driveability. Data to assess the effects of a smaller RVP reduction (e.g. to

8 or 7 psi) are not available.

5.1 Effect of Gasolime Volatility Reductions on Exhaust Emissions

Reducing the RVP of gasoline below the current summertime maximum of
9 psi would reduce the quantity of hydrocarbon vapors generated in the fuel
system, and thus reduce the quantity of vapors required to be purged from the
evaporative emissions control system. A reduction in purge vapors would be
expected to reduce exhaust hydrocarbon and carbon monoxide emissions. This
phenomenon has been seen when reducing the RVP of fuel from above 10 psi to 9
psi (Stebar et al., 1985), and could be expected to continue at lower RVP
levels as well. Below some RVP level, however, this trend would be offset by

a countervailing effect.

Adequate gasoline volatility is required for effective cold starting
of gasoline engines, especially at low temperatures. At a sufficiently low
RVP level, cold—start performance would be impaired, causing increased HC and
CO emissions. Thus, at any given ambient temperature, there is some optimum
RVP level which minimizes exhaust HC and CO emissions overall. This optimum
level is undoubtedly a function of the ambient temperature. At low ambient

temperatures, the optimum RVP would be expected to be higher.

Chevron Research Company conducted tests to evaluate the effect of
reducing summertime RVPs in the South Coast from approximately 8 psi to 6 psi.
FTP emissions tests were performed on 19 vehicles, including several different
types of emission control systems. Tests were performed at two ambient
temperatures: 75°F (as specified for the FTP) and 55°F (a typical early
morning temperature in the SCAB during the "smog season™). Only vehicle
exhaust emissions were measured during the tests; evaporative emissions tests

were not perforﬁed.
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Table 5-1 shows the results of emissions testing at 75°F with fuels
of 8.5 and 6.5 psi, respectively. For the 1970's model vehicles tested, the
reduction in RVP from 8.5 psi to 6.5 psi resulted in increases of 3.7% and

6.4%Z in average HC and CO emissions, respectively (Welstand, 1983).

Table 5-2 shows the results of emissions testing of the same
vehicles at 55°F ambient temperature, at the same RVP levels of 8.5 and 6.5
psi. In addition, testing was also performed on some later—model vehicles at
35°F, using fuels with RVPs of 8.4 and 6.1 psi. As Table 5-2 shows, the
change in HC and CO emissions due to the lower RVP fuel was greater at 55°
than at 75°F for the older model vehicles. At 55°F the average exhaust HC and
CO increases for the older model vehicles were 15 percent and 10 percent,
respectively. For the newer vehicles, the average exhaust HC and CO increases

at 55°F were 10 percent and 9 percent, respectively.

In addition to the effects on exhaust emissions, drivers of the test
vehicles reported degraded driveability with the lower RVP fuels. The number
of stalls during the testing also increased when the volatility of the fuel
was reduced. The degraded driveability might result in additional emission
increases, since drivers might tamper with their vehicles to reduce the

driveability problems.

5.2 Effect of Gasoline Volatility Reductions on Evaporative Emissions

The quantity of evaporative emissions produced by a wvehicle is
dependent on a number of factors. These factors include: the state of
maintenance of the evaporative emission control system, the type of
evaporative emission control system, the RVP of the fuel, and the ambient
temperatures encountered. A reduction in RVP below the 9 psi level used for

certification fuel would be expected to reduce evaporative emissions.
In work for the Coordinating Research Council (CRC), Radian has

developed a model to predict vehicular evaporative emissions as a function of

various factors (Kishan et al., 1987). Factors included in the model are the
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RVP of the fuel, the type of fuel system (carburetted or fuel-injected), state
of maintenance (problem free or mal functioning), ambient temperature during
the hot soak, initial diurnal tank temperature, and diurnal temperature rise.
The model predicts the evaporative emissions based on the previously listed

factors.

The Radian model is based on evaporative emissions data over an RVP
range from 9 to 11.7 psi. This model was extrapolated to lower RVP levels by
extending the correlation equations for the 9 to 11.7 psi range. The results
of this extrapolation are shown in Figures 5-1 through 5-4, Figure 5-1 shows
projected evaporative emissions as a function of RVP for problem—free
carburetted vehicles, while Figure 5-2 shows the same data for malfunctioning
carburetted vehicles. Figures 5-3 and 5-4 show similar estimates for
fuel-injected vehicles. These figures indicate that further reductions in
fuel RVP (below 9 psi) ﬁould result in additional evaporative HC emission
reductions. Each figure shows the estimate of diurnal emissions alone, and

diurnal plus hot soak emissions for two different hot—-soak temperatures.

As shown in the figures, the projected reduction in evaporative
emissions due to lowering fuel RVP is dependent upon the fuel system type and
its state of maintenance. The greatest reductions in emissions would be
expected for the malfunctioning vehicles——i.e. those with a problem that would
impair evaporative emission control system performance. Total emissions from
problem—free vehicles are much lower than for malfunctioning vehicles, and

+hus the reduction in emissions with RVP is lower as well.

5.3 Estimated Effect of Reducing RVP on Total Hydrocarbon Emissions

To compare the expected evaporative emissions decrease to the
exhaust emissions increase, fleet composite exhaust and evaporative
hydrocarbon emission factors were calculated. The exhaust hydrocarbon
emission factor was estimated by aggregating the model year specific emission
factors found in Appendix A. The emission factors were weighted by sales

fraction and VMT fraction. The fleet composite exhaust hydrocarbon emission
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Figure 5-1. Evaporative Emissions from Problem-Free Carburetted Vehicles
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Figure 5-2. Evaporative Emissions from Malfunctioning Carburetted Vehicles
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factor was determined to be 1.45 gm/mile. The calculation methodology can be

found in Appendix B.

Evaporative hydrocarbon emission factors were calculated using the

MOBILE3 methodology:

([hot soak (gm)] x 3.05) + diurnal (gm)
31.1 mi/day

Evaporative Emissions =

Fleet composite hot soak and duirnal emission factors were calcu-
lated by aggregating the carburetted and fuel-injected evaporative emissions
presented in Figures 5-1 through 5-4. Carburetted vehicles were estimated to
be 71 percent of the California fleet; fuel-injected vehicles, throttle-body
and MPFI, were estimated to be 29 percent of the fleet. Twenty five percent
of the carburetted vehicles and 10 percent of the fuel-injected vehicles were
assumed to be malfunctioning (EPA, 1985). Two composite evaporative emission
factors were calculated: one assuming that all hot soaks occurred at 829F, and
a second assumed 95°F hot soaks. The resulting composite evaporative emission

factors are listed in Table 5-3,

TABLE 5-3. FLEET COMPOSITE EVAPORATIVE HYDROCARBON EMISSION FACTORS

82°F Hot Soak

Fuel RVP ‘ Evaporative Hydrocarbon
(psi) Emission Factor (egm/mi)
9.0 « 242
8.0 .185
7.0 . 147
6.0 .120

95°F Hot Soak

Fuel RVP Evaporative Hydrocarbon
(psi) Emission Factor (gm/mi)
9.0 .337
8.0 .266
7.0 . w215
6.0 .177
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Figure 5-5 displays the fleet composite exhaust hydrocarbon emission
increase and fleet composite evaporative hydrocarbon emission decrease for the
two different hot socak temperatures. The exhaust emission increase was
assumed to be 10 percent. This is the exhaust hydrocarbon emission increase
determined by Chevron when testing 1980 and later model year vehicles at an
ambient temperature of 55°F. As shown in Figure 5-5, a net HC increase of
0.02 gm/mi up to 0.05 gm/mi would be anticipated as a result of reducing the
RVP from 8.4 to 6.1 psi.

5.4 Summary, Conclusions, and Recommendations

Current ARB regulations limit RVP levels for gasoline during the
"smog season™ to a maximum of 9 psi. Reducing this maximum level further
would further reduce evaporative emissions. At some point, however, this
reduction would be more than offset by increased cold-start emisssions due to
inadequate fuel volatility. Analysis of limited test data from Chevron
Research Company suggests that this optimal RVP level is probably less than 9,
but greater than 6.1 psi for the South Coast Air Basin. Because of the
limited data available, however, it is mnot possible to estimate the actual
optimum with any confidence. Additional vehicle testing at different RVP
values and ambient temperatures would be required to determine the optimum

RVP,

Any drastic reduction in fuel RVP levels could be expected to result
in driveability problems, especially under cold-start conditions. This could
lead to additional tampering with emission controls, and possible further
increases in emissions. This possibility should be taken inte account in

considering any future reduction in RVP levels.
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6.0 THE EFFECTS OF FUEL BENZENE AND AROMATICS ON BENZENE EMISSIONS

In January 1985, the California Air Resources Board (ARB) identified
benzene as a toxic air contaminant. Emissions from mobile sources are the
largest source of benzene in the state. For example, on- and off-road vehi-
cles contributed 93 percent of the total benzene emissions in California in
1984--19,800 tons/year of the total 21,400 tons/year (Ames et al., 1986).
Benzene is present in exhaust emissions from gasoline vehicles, and in
evaporative emissions from gasoline which contains benzene. Approximately 1.4
percent, by volume, of the gasoline sold in California in 1984 was benzene.
In 1990, it is anticipated that benzene content of gasoline in the state will

be 1.9 percent by volume (Ames et al., 1986).

The amount of benzene present in the evaporative emissions from
gasoline vehicles is linearly related to the amount of benzene present in the
fuel. For exhaust emissions, the benzene content appears to be related both
to the benzene content of the fuel and to its content of other aromatic
hydrocarbons. Some beﬁzene also appears to form during the combustion pro-
cess, even in the absence of benzene or other aromatics in the fuel. To date,
however, the relationship between aromatic content, benzene content, and
exhaust benzene emissions has not been determined conclusively. At this time,
the Research Division of the ARB is funding a study at the National Institute
of Petroleum and Energy Research (NIPER) to identify aromatic compounds that

are benzene precursors. This study scheduled to be completed early in 1988.

At present, the most effective means for reducing benzene emissions
appears to be reducing total exhaust and evaporative HC emissions. Benzene
typically constitutes 3 to 4 percent of total exhaust HC emissions, and

reductions in total HC emissions produce a corresponding reduction in benzene.
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6.1 Evaporative Benzene Emissions

Evaporative emissions of benzene appear to be linearly related to
the benzene content of gasoline. Black et al. (1980) measured evaporative
emissions from vehicles using fuels having different benzene contents. Table
6-1 lists the important fuel parameters and the benzene fraction of the
evaporative emissions. As demonstrated in the table, the percentage of
benzene in the evaporative emissions is approximately the same as the

percentage of benzene in the fuel (Black et al., 1980).

TABLE 6-1. EFFECT OF FUEL BENZENE CONTENT ON
EVAPORATIVE BENZENE EMISSION

Fuel RVP and Benzene Content

Fuel A A-1 B B-1
RVP (psi) 8.4 8.4 9.8 9.8
Benzene (Wt.Z) .28. 7.1 1.52 7.1

Wt. 2 Benzene in the Evaporative Emission

Fuel A A-1 B B-1
Vehicle
77 Mustang 1.8 6.2
78 Monarch 0.5 5.7
79 LTD-II 2.2 7.1

Source: Black et al., (1980)
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If a vehicle switches from a fuel containing benzene to one that
does not contain benzene, the evaporative emissions will contain benzene until
all the benzene is purged from the charcoal canister and the fuel tank vapor
volume. In vehicle testing, two to three additional Federal Test Procedures
(FTPs) are required to purge the canister and the fuel tank vapor volume of

residual benzene (Seizinger et al., 1986).

The studv by Seizinger et al. (1986) measured benzene levels in the
evaporative and exhaust emissions. Some evaporative benzene was measured even
during evaporative emission tests using benzene-free fuel. The testing with
benzene-free fuel had been performed after tests with a fuel containing
benzene. Seizinger concluded that canister adsorption and desorption of
benzene was a slow process for abrupt changes in benzene fuel composition.
The testing showed that evaporative benzene emissions were directly affected
by the composition of prior test fuels for as many as three tests. However,
no attempt was made to determine whether the charcoal had a stronger affinity

for benzene than for other hydrocarbons.

6.2 Exhaust Benzene Emissions

A number of studies have measured tailpipe benzene emissions from
gasoline vehicles. These studies have analyzed benzene emissions based on

vehicle emission control system type and fuel aromatic content.

6.2.1 Effect of the Emission Control System on Benzene Emissions

Raley et al. (1984) analyzed the test results from previous benzene
emission studieé to determine the average benzene fraction of the exhaust HC
emissions. Vehicles were grouped into classes based on the type of exhaust
catalyst used. Three classes were studied: non-catalyst vehicles, oxidizing
catalyst vehicles, and three-way catalyst vehicles. Results from previous
studies were used only if: the emissions data were reported from FTP tests
conducted at the proper ambient temperatures, and typical commercial-grade
fuels or indolene were used without being spiked with benzene. Benzene

emissions data from a total of 244 tests on 100 test vehicles were analyzed.
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Figure 6-1 summarizes the results of the statistical analysis
performed by Raley et al. The mean hydrocarbon emission rate was greatest for
the non-catalyst vehicles, 2.73 gm/mi. Three-way catalysts emitted the least
amount of hydrocarbons, at a mean value of 0.419 gm/mi, while oxidation
catalysts were in between, at a hydrocarbon emission rate of 0.777 gm/mi. The
same trend was observed with benzene emissions. Non-catalyst vehicles emitted
the greatest quantity of benzene, 89.7 mg; oxidizing catalyst vehicles emitted
30.2 mg; and three-way catalyst vehicles emitted 15.6 mg. The mean ratio of
benzene to total exhaust hydrocarbons varied little between the different
technologies, ranging from 3.4 to 4.0 percent. Thus, the benzene fraction did
not appear to differ significantly between the different emission control

technologies, even though the absolute emissions of benzene and total HC

varied greatly.
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""" —— —~Figure 6-1. --Benzene and Hydroccarbon Exhaust-Emissionrs
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Seizinger et al. (1986) studied the effectiveness of catalytic
converters for oxidizing benzene and other hydrocarbons. Samples of the
engines' exhaust gas were taken before it reached the catalytic converter.
This allowed a comparison of the benzene fraction in the exhaust before and
after the converter. The vehicles used in the test program had either a
three-way catalyst or a dual-bed catalyst (dual-bed catalysts consist of a
three—way catalyst followed by an oxidizing catalyst). Table 6~2 summarizes
the conversion efficiency for all vehicles studied. This summary provides an
average of nine-tests using different fuels with varying benzene and aromatic

contents.

As Table 6-2 indicates, the two three-way catalysts tested exhibited
benzene conversion efficiencies greater than 70 percent; for the dual-bed
catalysts, benzene conversion efficiencies were greater than 90 percent
(Seizinger et al., 1986). Overall, the catalyst conversion efficiency was
approximately the same for benzene as for total exhaust HC. Dual-bed
catalysts achieved slightly higher conversion efficiencies for both total

exhaust HC and for benzene than three-way catalysts.

TABLE 6-2. BENZENE AND HYDROCARBON CATALYTIC
CONVERTER EFFICIENCIES

Benzene Hydrocarbon

Conversion Conversion

Vehicle Catalyst Efficiency Efficiency
1 TWC 74 82
2 TWC 89 88
3 TWC+COC 95 91
4 TWC+COC 92 88
5 TWC+COC 94 88

Source: Seizinger et al., 1986
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ARB. recently completed an analysis of benzene emissions from in-use,
light—duty vehicles (Lyons, 1987). This study concluded that catalyst type is
the most important technological factor affecting benzene emissions. At a
given HC emission level and for a given fuel system, dual-bed catalysts
consistently emitted less benzene than vehicles with single-bed catalysts. The
ARB regressions also suggest that, at very low HC exhaust emission levels,
benzene emissions may be reduced more than proportionally. At HC emission
levels less than 0.1 gm/mile, the benzene weight percentage of total exhaust
hydrocarbons appears to drop off rapidly. Thus, the observation that benzene
tends to make up a constant weight percent of total HC appears to be incorrect

at extremely low HC levels.

6.2.2 The Effect of Fuel Composition on Exhaust Benzene Emissions

Exhaust benzene emissions are closely related to the benzene and
other aromatic content of the fuel. However, some benzene is also formed by
combustion even in an aromatic—free fuel. The extent of this contribution

appears to vary somewhat, but it may be quite significant.

In the statistical analysis of benzene emissions (Raley et al.,
1984), a study of the impact of low benzene and aromatic content fuel was
located. In this study, a fuel containing 0.3 percent benzene was tested in
various vehicles and the exhaust benzene content was measured. The fuel also
was a low aromatic fuel, containing only 15 percent aromatics by volume. The
data from this study were included in the combined analysis; however, the mean
and standard deviation for this fleet also were calculated separately. Table

6-3 summarizes the statistical analysis of this fleet.

In the low benzeme content study, the vehicles again were classified
by catalyst type. The low benzene fuel did not appear to deviate signifi-
cantly from the combined analysis. No significant difference in any of the
three vehicle classes was observed when compared to the combined analysis.

This suggests that benzene formed during the combustion process from other
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hydrocarbon . compounds. Therefore, completely removing aromatics from gaso-
line, while reducing benzene emissions, may not result in complete removal of

exhaust benzene emissions (Raley et al., 1984).

Seizinger et al. (1986) also studied the effect of benzene and
aromatic composition on exhaust benzene emissions. Two aromatic contents were
studied, 25 and 40 percent. In addition, the fuel's benzene content was
varied; it contained 0, 1.5, 2.7, and 4.0 percent benzene by volume. The
benzene exhaust emissions were measured during FTP testing. The benzene and
hydrocarbon emissions before and after the catalytic converter are plotted in

Figure 6-2.

Figure 6-2 illustrates a number of significant points. First, the
benzene content of gasoline does not significantly affect total engine—out HC
emissions. Increasing benzene content does increase benzene exhaust emis-
sions, however. The increase in exhaust benzene emissions is approximately 2
mg for each volume percent of benzene. Exhaust benzene emissions also in-
crease with additional aromatic content. For an increase of 15 volume percent
fuel aromatic content, an increase in exhaust benzeme emissions of

4 mg occurred (Seizinger et al., 1986).

Currently, the National Institute for Petroleum and Energy Research
(NIPER) is under contract to the ARB to study the fate of benzene precursors
in gasoline. The study's objective is to identify specific aromatic compounds
that are converted in the engine, or the catalytic converter, to benzene, and
to quantify the effects of the concentration of these compounds upon the

formation of benzene in the exhaust.

Phase I of the testing has been completed. The project is scheduled
to be completed in early 1988. During the Phase I testing, varying quantities
of aromatics were added to an alkylate-based fuel. Exhaust emissions tests
were performed to measure the exhaust benzene emissions. A regression equa-
tion was developed correlating the fuel's aromatic content to exhaust benzene

emissions.
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Figure 6—2. Benzene and Hydrocarbon Emissions Before
and After Catalytic Converter
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The results of this phase of testing cannot be directly correlated
to "production™ gasoline due to the use of the alkylate fuel. However, it
appears that fuel benzene is the major source of benzene in the exhaust when
using an alkylate-based fuel. Until the final testing with "production®

gasoline is completed, the benzene precursors will not be known (NIPER, 1987).

6.3 Benzene Control Measures

As the discussion above has indicated, Benzene emissions could
conceivably be reduced either by reducing the benzene and arcmatic content of
gasoline or by reducing total HC emissions while keeping gasoline composition
the same. The latter approach would be much more cost—effective, however,
since it would have the advantage of reducing total HC (and possibly other

pollutants) as well as benzene.

To illustrate the differences in cost, Radian estimated the
cost—effectiveness of removing benzene emissions by modifying the fuel
composition. Benzene emissions from gasoline marketing and mobile sources
were obtained from the ARB "Proposed Benzene Control Plan."™ Gasoline use was
estimated from data presented by Chevron Research Company. The costs for
modifying the fuel composition were estimated to range from $0.01/gal up to
$0.25/gal. In order to simulate the maximum impact from these modifications,
the fuel modifications were assumed to eliminate all benzene emissions due to

gasoline marketing and mobile sources.

Even assuming this unrealistic level of benzene control, and even
assuming that the necessary modifications could be performed at the
unrealistically 1low cost of $0.01/gal, the cost—effectiveness of these
modifications for benzene control would be of $65,700/ton of benzene removed.
The calculations can be found in Appendix C. Of course, this figure reflects
absurdly optimistic assumptions. Making more realistic assumptions as to

costs and effectiveness would result in a much larger cost per ton.
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ARB staff is already studying a number of HC emissions control
measures for mobile sources, including an HC standard of 0.25 gn/mi for
light-duty vehicles, more stringent regulation of heavy-duty gasoline
vehicles, and regulation of emissions from off-highway motor vehicles. Each
of these measures is likely to prove cost-effective for HC control alome. 1In
addition, however, each ton of HC eliminated will carry as an added benefit

the elimination of roughly 65-80 pounds of benzene as well.

6.4 Summary, Conclusions, and Recommendations

Benzene can be found in the exhaust and evaporative emissions from
gasoline-fueled vehicles. Evaporative benzene emissions appear to be linearly
related to the benzene content of the fuel. Exhaust benzene emissions are
produced during the combustion process. Benzene and other aromaties in the

fuel affect the quantity of benzene in the exhaust.

Benzene exhaust emissions are reduced by the same measures which
reduce other hydrocarbon emissions, especially catalytic converters. Dual-bed
catalysts, which have marginally better hydrocarbon conversion efficiencies

than three-way catalysts, also achieve greater benzene reductions.

Reducing the benzene and aromatic content of unleaded gasoline would
reduce benzene evaporative and exhaust emissions. Under current regulations
of unleaded gasoline composition, aromatics are one of the main components
used to enhance the octane rating of the fuel. Another octane—-enhancing
constituent would have to be used to improve the octane rating if aromatics
were removed. Removing benzene alone (leaving the other aromatics) might be a
feasible method for reducing exhaust benzene emissions. However, removing
benzene emissions by modifying the fuel composition may not be cost—effective.
Rough calculations show that, even if the costs of fuel modification were as
low as $0.01 per gallon, the cost-effectiveness of reducing benzene emissions

by this means would be about $65,700 per ton.
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Another approach to reducing the benzene emissions from motor
vehicles would be to reduce the overall hydrocarbon emissions from the vehicle
fleet. ARB staff is studying a reduction in the hydrocarbon standard for
passenger cars from the present 0.41 gm/mi to 0.25 gm/mi, as well as other
mobile-source HC control strategies. These would result in benzene emission
reductions as well. Additional measures to reduce evaporative emissions from

vehicles would probably also help in reducing benzene emissions.

VI-97



CORPORATION

7.0 THE EFFECTS OF OXYGENATED COMPOUNDS ON VEHICLE EMISSIONS

From a gasoline marketer's perspective, there are several possible
advantages to the use of oxygenated fuels. In the case of ethanol-gasoline
blends, significant tax subsidies are provided by both state and federal
statutes for these blends. These tax benefits can reduce the net cost of each
gallon of this fuel sold, even though the cost of ethanol may be substantially
higher than the cost of the gasoline it replaces. It is also possible to
market this blend as a "premium" product because alcohol addition increases

the octane rating of the fuel.

Methanol-gasoline blends have experienced some acceptance in the
market, although tax subsidies are not provided for these blends. Methanol
also offers the same advantage as ethanol in terms of octane rating. More
importantly, the per-gallon cost of methanol, in the current worldwide glut
situation, is about half that of gasoline. As a result, a gallon of a
methanol-gasoline blend can be produced for at a lower cost than a gallon of
straight gasoline. Since customers who purchase such blends are generally
unaware of the lower energy content of these blends, there is an economic

advantage to methanol-gasoline blend use for gasoline marketers.

Other oxygenated compounds used in gasoline include methyl tertiary-
butyl ether (MTBE), which is used as a blendstock by refiners to increase
octane quality, and highef carbon alcohols, which are used as "cosolvents" in

methanol-gasoline blends to reduce corrosive effects on the fuel system.

With respect to emissions, the principal concern with oxygenated
fuel use is the higher volatility of blends caused by the addition of ethanol
or methanol. Higher volatility causes increased evaporative emissions. 1In
addition, there is evidence that use of alecohol in gasoline leads to increased
NOx emissions in three-way catalyst equipped vehicles. Finally, there are
advantages and disadvantages to the enleanment effect of oxygenated fuels. At

least initially, the enleanment effect of oxygenated fuels reduces CO
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emissions. However, enleanment clearly degrades vehicle driveability, thereby
increasing the potential for tampering and maladjustment. This can lead

to significant emissions increases for all pollutants.

This section reviews the use of oxygenated compounds as blending
agents 1in unleaded gasoline. The physical and chemical properties of
oxygenates, as well as the effects that oxygenated compounds have on the
biended gasoline's chemical and physical properties, are described. The
impacts of gasoline/oxygenate blends on evaporative and exhaust hydrocarbon

emissions are reviewed.

7.1 Properties of Oxygenated Compounds and Their Effect om Blend Proper—

ties

Six different oxygenated compounds are used today as blending agents
in unleaded gasoline: methanol, ethanol, isopropamol, tertiary butyl alcohol
(TBA), methyl tertiary-butyl ether (MTBE), and Oxinol-50® (50/50 blend of
methanol and TBA). According to the U.S. Environmental Protection Agency's
(EPA's) "substantially similar™ rule, these oxygenates can be blended in fuel

up to the following maximum levels:

Oxygenated Compound Percent by Volume
Methanel 0.3
Ethanol 5.4
Isopropanol 7.1
Tertiary Butyl Alcohol (TBA) 8.7
Methyl Tertiary Butyl Ether (MTBE) 11.0
Oxinocl-50® 5.5
These blending agents cannot be combined in a single fuel. In

addition, the EPA has granted individual waivers for the use of up to 10
volume percent ethanol (Gasohol), up to 15.7 volume percent TBA, and up to 9.5
volume percent methanol/TBA, provided the methanol/TBA ratio does mnot exceed

1. These waivers do not allow for the addition of other blending agents to a
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single fuel. All of the blends receiving waivers (except for Gasohol) must

meet ASTM D439 volatility specifications (Dorn and Mourao, 1984),

7.1.1 Physical Properties of Oxygenated Compounds

Table 7-1 lists the physical properties of the various oxygenated
compounds that are used as blending agents in unleaded gasoline. As shown,
the properties of MTBE more closely resemble unleaded gasoline than do the C1
through C4 alcohols. MTBE use in gasoline generally has not been a concern

with respect to air pollution control.

7.1.2 Effect of Oxygenated Compounds on Blend RVP

The presence of the hydroxyl group and the ability to form
azeotropes cause alcohol-blended fuels to have different properties and to
behave differently than their individual components. As Table 7-1 shows, the
RVP of all of the alcohols in pure form is less than 5 psi. When blended with
hydrocarbons, however, the effect of alcohol on the blend's RVP is much
greater than would be predicted from the RVP in pure form. The RVP of pure

alcohols is less due to hydrogen bonding.

When mixed in small volumes in gasoline, the bonding forces between
alcohol molecules are weakened significantly. This results in a wvapor
pressure for the mixture that is much greater than that of either component.
This effect is most pronounced when methanol and ethanol are mixed with
unleaded gasoline. This effect is also seen with isopropanol and tertiary

butyl alcohol, as shown in Figure 7-1.
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Figure 7-1. Effect of Oxygenated Compounds on Reid Vapor Pressure

7.1.3 Effect of Oxygenated Compounds on Boiling Curve

The blending agents also have a pronounced effect on the boiling or
distillation curve for unleaded gasoline. Alcohols significantly lower, or
depress, the distillation curve. Figure 7-2 shows the effects of methanol and
MTBE, in different volumes, on the distillation curve of an unleaded gasoline.
In general, the effect of alcohols on the boiling curve of the blended fuel is

significantly greater than MTBE.

7.1.4 Effect of Oxygenated Compounds on Octane Rating

When used in unleaded gasoline, alcohols and ethers increase the
octane rating of the blended fuel. The increase in octane rating depends on

the octane rating of the base gasoline. Figure 7-3 shows the incremental gain
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in octane per volume percent of oxygenated compound added. As can be seen,
except for TBA, all of the blending agents are better octane enhancers than

toluene, a typical refinery product that is used for blending.

7.2 Effect of Oxygenated Compounds on Evaporative Emissions

The use of gasoline/alcohol blends increases evaporative emissions
from the gasoline vehicle fleet. Gasoline/alcohol blends can produce greater
quantities of evaporative emissions than a straight gasoline, even when the
blends are controlled to the same RVP or Front End Volatility Index (FEVI).
Use of gasoline/alcohol blends can also cause increased degradation of a
vehicle's evaporative emission control system. In addition, intermittent
blend use in California can cause the volatility of tank fuel to be greater

than the maximum legal RVP, which is 9 psi.

7.2.1 Effect of Gasoline/Alcohol Blends on Evaporative Emissions

Increased evaporative emissions have been observed when testing
vehicles using gasoline/alcohol blends. These emissions increases occurred
when the blended fuels were volatility adjusted to have the same or lower RVP
or FEVI. (The FEVI is defined as the RVP plus 13 percent of the fuel
distilled at 158°F.)

The Coordinating Research Council (CRC) conducted a study to deter-—
mine the effect of oxygenate content on evaporative emissions. In this study,
the CRC blended methanol and iscbutanol with gasoline. Five different test
fuels were studied containing O to 15 percent alcohol. The properties of the
test blended fuels are presented in Table 7-2. All of these fuels were
volatility adjusted to have an RVP and FEVI equal to or lower than the base

gasoline.
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TABLE 7-2. CRC TEST FUEL PROPERTIES

Straight Blend Blend Blend Blend Blend

Gasoline MG-1 MG-2 MG-3 MG-4 MG-5
Methanol % 0.0 3.31 3.54 8.83 9.75 13.35
Isobutanol Z c.0 1.21 0.05 2.66 0.0 1.80
Total Alcohol Z 0.0 4.52 3.59 11,49 9,75 15.15
RVP, psi 9.7 8.0 8.7 7.6 8.7 8.4
FEVI 12.8 10.9 11.5 11.6 13.2 13.8
% Oxygen Content
(calculated) 0.0 1.9 1.8 5.0 4.9 7.1
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Evaporative emissions tests were performed on 10 cars having both
closed-loop and open-loop fuel control systems. All the vehicles used
carburetors. ' The increase in evaporative emissions compared to the straight
gasoline ranged from 46.4 percent up to 146 percent. These test results can
be found in Table 7-3. The increase in hot soak emissions was 170 percent and
the increase in diurnal emissions was 30 percent compared to the base gasoline
(Systems Control, Inc. 1982a). Another CRC testing program evaluating
ethanol-gasoline blends, indicated a 65 percent increase in evaporative
emissions for 10 cars tested with blends of 10 percent ethanol and 90 percent

gasoline (Systems Control, Inc., 1982b).

TABLE 7-3. CRC EVAPORATIVE EMISSION TEST RESULTS
(GRAMS PER TEST)

Car Straight Blend Blend Blend Blend Blend
Number Gasoline MG-1 MG-2 MG-3 MG—-4 MG-5
04-1 1.47 1.83 2.58 3.18 2.75 2.82
04-2 1.70 1.88 2.22 2.12 2.15 2.34
04-1 3.17 6.82 6.38 9.52 11.80 9.55
04-2 2.34 4.26 " 4.77 5.17 4,62 8.15
06-1 2.32 2.68 3.59 3.73 4.14 4,26
06~1 3.29 4.13 6.04 4.18 5.63 4,81
04-3 3.46 5.79 4.07 5.83 8.57 6.88
04-4 3.51 4.02 4.18 4,63 4,25 7.56
04-3 4,07 6.38 6.84 13.15 18.75 19.64
04-4 3.79 4.81 4.83 5.24 6.62 5.62
10 Car
Average 2.91 4,26 4,55 5.67 6.93 7.16

Change from
Base Gasoline 0.0% +46 , 4% +56.4% +94,82 +138.1%Z +146.0%

VI-106



The blended fuels with the most significant deviation in the distil-
lation curve compared to the base gasoline had the greatest increase in
evaporative eﬁissions. Although these fuels were volatility modified to have
RVPs lower than the base gasoline, significant deviations in the distillation
curve are still present. The distillation curves for the methanol/iscbutanol

test fuels are plotted in Figure 7-4.

The depression of the distillation curve explains the increase in
evaporative hydrocarbon emissions for blended gasolines having the same RVFP as
compared to straight gasoline. RVP measures the volatility of the fuel up to
a temperature of 37.8°C (100°F). As can be seen Figure 7-4, the volume
evaporated up to a temperature 37.8°C (100°F) is minimal for both gasoline and

alcohol/gasoline blends. At temperatures above 37.8°C, however, a significant
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Figure 7-4. Distillation Curves for CRC Methanol/Gasoline Test Fuels
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deviation in the distillation curve occurs. Evaporative emissions are af-
fected by a vehicle's wunderhood and underbody temperatures. These
temperatures are typically above 37.8°C, especially during the summer and the
hot soak portion of the evaporative emissions test. Therefore, even at a
given RVP, significant increases in evaporative emissions should occur with

blended fuels due to the depression of the boiling curve.

General Motors has tested three vehicles using gasoline and a
methanol /gasoline blend. The blended fuels were volatility adjusted so the
distillation curves were approximately the same. The distillation curves and
for one of the base fuels and a blended fuel containing 9.3 percent alcohol

can be found in Figure 7-5. As shown in the figure, the distillation curves

for these two fuels are practically the same.
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Figure 7-5. Distillation Curves for Fuels with Matched Volatility
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Evaporative emission tests were performed using the two fuels in
three different vehicles. Charcoal canister weight was measured before and
after the diurnal and hot soak portions of the evaporative emissions test.
The total quantity of vapor generated during the test was determined by adding
the canister weight change to the evaporative emissions measured during the
test. Table 7-4 lists the total vapor generated during the emissions tests
for all three vehicles. The quantity of vapor generated by the blended fuel
in some cases was lower than the quantity of vapor generated by the base fuel
(Reddy, 1986). '

TABLE 7-4. HYDROCARBON VAPOR GENERATION FOR
BASE FUEL, BLENDED FUEL, AND INDOLENE

Hydrocarbon Vapor

Vehicle Fuel Generated {(gm)
Carburetted Base Fuel 23.8
Base Fuel + Oxinol 24,8
Indolene 24.4
TBIL Base Fuel 18.3
' Base Fuel + Oxinol 15.2
Indolene 16.4
PFL Base Fuel 21.6
Base Fuel + Oxinol 19.6
Indolene 18.2

The results of this study indicate that the gquantity of vapor
generated by a blended fuel may be controllable by matching the distillation
curve of the blended fuel with the base fuel. By minimizing the variation
between the base fuel's and the blended fuel's distillation curves, the
difference in hydrocarbon vapor generation may be reduced or eliminated.
Without distillation curve matching, blended fuels with similar RVPs and FEVIs

may produce significant evaporative hydrocarbon emissions.
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7.2.2 The Effect of Blend Use on Canister Degradation

Significant reductions in evaporative emission control system
performance are expected due to the increased use of gasoline/alcohol blends.
Alcohol and water are expected to become adsorbed by the active sites in the
charcoal canister. These molecules are unlikely to be stripped from the
charcoal at the temperatures and pressures present in typical evaporative

emission systems.

The high-mileage data used to evaluate the effect of gasoline/
alcohol blend usage on evaporative emission control systems have not shown the
reductions described above. The discrepancy arises from the test procedure.
The evaporative emission control system deteriorates as it stores and purges
hydrocarbon vapors. The load/purge cycles are related to the diurnal and hot
soak cycles that a vehicle undergoes. Assuming that 50,000 miles of
durability testing is completed in three months and a vehicle undergoes omne
diurnal and three hot soaks per day, the total number of purge/load cycles is
360. 1In compérison, if a vehicle accumulates 50,000 miles in routine customer
service during a period of three years, and it experiences the same number of
hot soak and diurnal cycles per day, it will experience 4,320 purge/load

cyeles,

The charcoal canister has a greater affinity for the oxygenate
compounds than hydrocarbons. This effect can be seen in Figure 7-6. This
figure plots the concentration of MIBE and ethanol in the purged canister
vapor. The oxygenate concentration of the purged vapor is plotted as a
function of the ratio of purged vapor to absorbed vapor. The concentration of
the oxygenate content entering the canister is also shown. The figure indi-
cates that the charcoal canister preferentially retains the oxygenates. If
the canister did not have a stronger affinity for the oxygenates, the oxygen-
ate concentration of the purged vapor would be the same as the inlet concen—

tration at all ratios (Furey and King, 1980).
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Figure 7-6. Charcoal Canister Inlet and Purge Vapor Oxygenate Concentration

The use of alcohol in fuel also tends to cause higher molecular
weight hydrocarbons to be present in the vapor. These higher molecular weight
molecules are adsorbed by the charcoal and are more difficult to remove from
the charcoal under typical purge conditions. As the capacity of a canister is
decreased by the adsorption of substances that are more difficult to purge,
the performance of the evaporative emission control system will degrade

(Crawford et al., 1984).

Recent developments in evaporative emission control systems could
result in improved evaporative emission control system durability when blended
fuels are used. Charcoal canisters are being developed that have integral
purge air heaters. These canisters can control the temperature of the purge
air, thereby resulting in higher purge air temperatures and the ability to

purge higher molecular weight hydrocarbons.

The chemical composition of evaporative hydrocarbons is different
when blended fuel is used compared to a straight gasoline. More hydrocarbons
in the C5 through C7 class are present in the evaporative emissions. It is
believed that these classes of hydrocarbons have a much greater photochemical

reactivity (Crawford et al., 1985).
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7.2.3 Impact of Intermittent Blend Usage on Evaporative Emissions

In California, the RVP of unleaded gasoline is controlled to a
maximum of 9 psi during the "smog" season. This is done to minimize the

evaporative hydrocarbon emissions from the gasoline vehicle fleet.

Because of volatility constraints, refueling intermittently with
gasoline and with a gasoline/alcohol blend can result in a tank RVP greater
than the volatiliry limit. An analysis performed by Crawford et al. (1984)
estimated the increase in RVP due to intermittent fueling of alcohol/gasoline
blends. Initially the fuel tank was assumed to be filled with a mixture of 10
percent Oxinol and 90 percent gasoline. The tank was refilled once it became
two—thirds empty. Every third refill was with the Oxinol/gasoline blend. All
other refills were with 9 psi RVP gasoline without oxygenates. After eight
refueling cycles, the average RVP of the tank was 10.01 psi. This increase in
average RVP would increase evaporative emissions by an average of 33 percent,
The effect of each refueling on RVP and evaporative emissions 1is shown in

Figure 7.7.

13 1 r 50
lﬂ-—— 33% Average Emissions Increase ————— 3

RVP
Evaporative Emissions Increase (X)

0 1 2 3 4 S 6 7 8

Number of Refuelings

Source: Crawford et al., 1985.

Figure 7-7. Effect of Intermittent Use 6f Volatility Controlled Oxinol
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BLENDING RVP
(PSI)

The cause of the volatility increase due to intermittent refueling
is related to the effect of oxygenate addition shown in Figure 7-1. A small
volume of alcohol added to gasoline causes a significant increase in the blend
RVP. The blending RVPs of Oxinol®, ethanol, and TBA are presented in Figure
7-8. If the blend contains 15.7 percent TBA, the TBA will increase the RVP of
the blend as if the TBA had an RVP of 12.8 psi. However, when the blend
contains only 1 percent TBA, the TBA will increase the RVP of the blend as if
the TBA had an RVP of 69 psi. As shown in Figure 7-8, Oxinol® has the
greatest blending RVP.

150
]

- OXINOL
-~ ETHANOL

B TBA

100 4
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Figure 7-8. Blending RVPs for Different Oxygenates



The RVP increase associated with intermittent refueling could be
reduced by requiring blended fuels to have an RVP lower than 9.0 psi. The
tank RVPs couldlbe maintained at or near 9.0 psi by requiring blended fuels to
have RVPs lower than 9.0 psi. Radian has estimated the maximum blended fuel
volatility in order to maintain the tank RVP at or below 9 psi. The refueling
scenario studied consisted of refueling with straight gasoline when the tank
was one—third full with the blended gasoline. The maximum RVP for the
different blends required to maintain the tank RVP at 9.0 psi is listed in
Table 7-5. The maximum RVP for the straight gasoline used in the blended fuel
is also listed. The maximum RVP for the Oxinol® gasoline blend would be 5.5
psi. The straight gasoline used in the Oxinol® blend would be required to
have a maximum volatility of only 2.6 psi RVP. The maximum RVPs for the
ethanol/gasoline blend and TBA/gasoline blend are both 6.5 psi. The

calculations used to arrive at these estimates can be found in Appendix D.

Requiring the blended fuels to have volatilities lower than the
maximum volatility for straight gasoline would reduce evaporative emissions.
The maximum RVPs for the blended fuels would be in the 5.0 to 7.0 psi range.
When intermittent refueling occurred, the maximum tank RVP would be at or near
9.0 psi.. However, a vehicle operating on the blended fuel would probably
encounter driveability problems due to the RVP limits. Driveability problems
could be so severe that exhaust hydrocarbon emissions could be increased due

to misfire, stalls, and restarts.

Table 7-5. MAXIMUM BLEND VOLATILITIES

Maximum Blended Maximum Gasoline RVP

Blending Agent Fuel RVP (psi) Used with the Oxygenate
Oxinol® 5.5 2.6
Ethanol 6.5 5.1
TBA 6.5 5.3
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7.3 Exhaust Emissions Effects

As shown in Table 7-1, one significant difference between oxygenates
and gasoline is that the oxygenates contain oxygen and gasoline does not. As
discussed below, it is the oxygen content of oxygenates that effects exhaust

emissions.

The stoichiometric air/fuel ratio is the mass of air needed to
completely burn one pound of fuel. As indicated in Table 7-1, using ethanol
as an example, it takes 9 pounds of air to burn 1 pound of ethanol, and 14.7
pounds of air to burn 1 pound of gasolinme. It takes less air to burn one
pound of ethanol because the ethanol contains oxygen. When ethanol and
gasoline are blended together, a blend containing 10 percent ethanol will have
a stoichiometric air/fuel ratio of 14.1:1, which is 4.1 percent lower than

straight gasoline.

Unless operating under "closed-loop™ control, carburetors and fuel
injection systems do mnot automatically compensate for changes in the
stoichiometric air/fuel ratio of the fuel being used. Fuel metering systems
generally supply a fixed volume of fuel per unit of engine air flow. Because
the density of ethanol is greater than gasoline, the density of a 10 percent
ethanol/90 percent gasoline blend ("Gasohol") would be 6.24 pounds per gallon.
However, this is only a 0.6 percent greater density than straight gasdline,
and is not a sufficient density increase to offset the 4.1 percent change in
stoichiometric air/fuel ratio caused by blending the ethanol into the
gasoline. The net effect is that an engine running on the alcohol-gasoline
blend will have 3.5 percent more air relative to the stoichiometric air/fuel
ratio than if it were running on straight gasoline. The amount of air being
used by the engine does not change, but the amount of air needed to completely
burn all of the fuel is reduced. As a result, there is relatively more air
available for complete combustion and the engine, therefore, is running

"jeaner™ on the alcohol-gasoline blend than on straight gasoline.



The effect of leaner operation depends on the initial air/fuel
ratio. For engines that are operating with fuel rich mixtures (less than the
necessary amount of air for complete combustion), leaner operation greatly
reduces hydrocarbon and carbon monoxide emissions while increasing Nox. Fuel
rich mixtures are routinely used during cold-start and warmup operation of
gasoline—-fueled vehicles of all ages. Rich mixtures are necessary to achieve
smooth combustion during warmup because gasoline does not fully vaporize and
mix with the air in a cold engine. Extra fuel is added to insure that an
adequate amount of fuel is vaporized to achieve a combustible mixture.
Complete vaporization occurs in the cylinder as the result of the high
temperatures created by combustion. However, the excess fuel that was needed
to ensure adequate vaporization to start the combustion process cannot be
completely burned due to a lack of sufficient oxygen in the cylinder. The
result is that partially burned fuel (carbon monoxide) and unburned fuel

(hydrocarbons) are emitted in relatively high concentrations.

When alcohol-gasoline blends are substituted for gasoline, slightly
leaner operation occurs during the cold-start and warmup period. Therefore,
CO and HC emissions are reduced. Usually, there is still adequate mixture
enrichment to ensure sufficient fuel vaporization. However, driveability
problems may occur in some vehicles. NOx emissions are increased due to the
lean shift; however, NOx tends to be low during rich operation of a cold

engine so the NOx increase is relatively small.

During warmed-up operation, the expected effects of alcohol~-
gasoline blends depends on the type of fuel metering system used. Most 1981
and later model passenger cars use three-way catalysts designed to
simultaneously reduce HC, CO, and NOx emissions when the air/fuel ratio is
kept very close to the stoichiometric ratio. Maintenance of a precisely
stoichiometric ratio cannot be accomplished without the use of an exhaust
oXygen sensor (O2 sensor) and a feedback control system. With the use of
oxygen sensors and feedback control, there should be automatic compensation
for the enleanment effect of alcohol addition. CO emiséions would be expected

to remain essentially the same as with straight gasoline.
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Between 1968 and 1980, light duty vehicles were required to meet
exhaust emission standards, but feedback control of air/fuel ratio was seldom
used (and never used until the 1977 model year). Alcohol blending would,
therefore, cause leaner air/fuel ratios under both warmup and warmed-up
operation. During warmup, these vehicles still used rich mixtures, so alcohol
would be expected to reduce HC and CO emissions. However, during warmed-up
operation, most vehicles produced during this period utilized leaner than
stoichiometric air/fuel ratios to control HC and CO emissions. The effects of
enleanment during-warmed—up operation depend on the initial air/fuel ratio.
Some vehicles would experience emission increases due to misfire caused by
excessively lean operation. Other vehicles would experience slight reductions
in HC emissions. If the vehicle was running only slightly leaner than
stoichiometric, HC emissions would be expected to decrease and NOx may
increaseﬂ No significant change in CO emissions would occur once the engine

is already running leaner than stoichiometric.

Most vehicles produced prior to 1968 used relatively rich air/fuel
ratios even during warmed-up operation. During both warmup and warmed-up
operation, such vehicles would be expected to experience significantly lower

HC and CO emissions and higher NOx emissions due to oxygenated fuel use.

Table 7-6 summarizes the expected effects of oxygenated fuel use for
vehicles of various ages. As the table shows, all ages of wvehicles are
expected to experience reductions in HC and CO emissions during cold start and
warmup operation. After the vehicle is warmed up, the expected effect on
emissions depends on the initial air/fuel ratio and whether feedback control

over the air/fuel ratio is employed.
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Based on laboratory test results, (Gurney et al., 1980; Systems
Control, Inc., 1982; Allsup and Eccleston, 1979; Naman and Allsup, 1980; and
U.S. EPA, 1978); carbon monoxide emission reductions are typically about 25-30
percent for blends containing about 3 percent oxygen (equivalent to a blend of
10 percent ethanol and 90 percent gasoline). As might be expected with the
use of feedback controls on fuel metering (closed-loop), CO emission

reductions appear to be lower for the newer, feedback models.

Table 7-6. EXPECTED EFFECTS OF OXYGENATED FUELS ON EXHAUST EMISSIONS

Age of Operating Exhaust Emissions
Vehicle Mode HC co NOx
1981 start & warmup lower lower slightly higher
and newer
models warmed-up same same same
1968 to start & warmup lower lower slightly higher
1980 models

warmed-up lower or little lower or

higher change " higher

Pre—1968 start & warmup lower lower slightly higher
models

warmed-up lower lower higher

The effect of the blended fuel use on CO emissions for different
model year vehicles is summarized in Table 7-7. The table shows the CO
emission decrease expected by vehicle model year category when converting from
gasoline to a 10 percent ethanol blend. Late model vehicles with electronic

fuel control display the smallest decrease in CO emissions.
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TABLE 7-7. CARBON MONOXIDE EMISSION DECREASE WHEN USING GASOHOL

CO Decrease

Model Year (gm/mi)
1973-74 17.4
1975-79 9.4
1980-83 2.8
1984 0.08

Source: Ragazzi, 1985

The effect of oxygenated fuel use on HC and NOx exhaust emissions is
less consistent. When a large sample of tests is averaged, the change in HC
and NOx emissions for blends containing 3 percent oxygen is generally less
than 15 percent (lower for HC, higher for NOX). As shown in Table 7-8,
Coordinating Research Council test results (Systems Control, Imc., 1982b), on
14 1980 model cars are representative of the emissions effects that 10 percent

ethanol blending can be expected from late model vehicles.

TABLE 7-8. CRC EMISSION TEST RESULTS FROM 14 1980 MODEL CARS
USING GASOHOL

Exhaust HC Carbon Monoxide Oxides of Nitrogen
not
significant - 26% + 15%
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Increases in tailpipe aldehyde emissions would be expected to occur
when using oxygenate/gasoline blends. Aldehyde exhaust emission increases of
approximately 4-mg/mi have been measured when using 10 percent ethanol gaso-
line blends compared to straight gasoline. The aldeyhyde exhaust emission
factor for the base gasoline was 8.6 mg/mi compared to 12.6 mg/mi for the

ethanol/gasoline blend (Systems Control Inc., 1982b).

7.4 Driveability

In addition to the impact on emissions, the driveability of the
vehicle also is affected. Depending on the type of aleohol used, a signifi-
cant leaning of the air/fuel ratio occurs when gasoline/alcohol mixtures are
used on vehicles designed to use gasoline. Vehicles that do not have a
"feedback™ mechanism cannot enrich the mixture, so the vehicle operates at a
leaner-than-designed air/fuel ratio. These cars tend to exhibit driveability
problems that require the vehicle to be serviced. Modifications that solve
the driveability problem also reduce the emissions improvement. Typically,
the service performed enriches the operating air/fuel ratio, thereby returning
the vehicle to its prior emission performance. In a significant number of
cases, the repair actually caused the emissions performance to be worse than

when the vehicle was using only straight gasoline (Crawford et al., 1984).

The driveability of the vehicles using methanol and ethanol blended
fuels was measured during tests conducted under a CRC study (System Control,
Inc., 1982a and 1982b). As the oxygen content of the fuel increased, the
driveability of the vehicles decreased. With 10 percent ethanol the average
driyeability decreased by 47 percent, the total number of demerits increased
from an average of 24.4 to 39.5 (Systems Control Inc., 1982b). Similar
results were obtained during the driveability testing of the methanol blended
fuel. In the methanol study, driveability demerits increased from
approximately 50 to 120 when 8.8 percent methanol and 2.7 percent butanol were
added to the base fuel (Systems Control Inc., 1982a). Figure 7-9 shows the
relationship between fuel oxygen content and driveability based on the CRC

study of methanol-gasoline blends.
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Source: Crawford et al., 1985.

Figure 7-9. Effect of Fuel Oxygen Content on Driveability
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The limited data on carburetted vehicles indicates that significant
emission increases occur as driveability problems are corrected by emission
control system modifications. A 50 percent increase in exhaust HC emissions
and a 138 percent increase in CO emissions occurred after carburetted vehicles
were modified for improved driveability when using a 15 percent methanol
blend. The same vehicles were tested with straight gasoline after the
driveability was improved. Emission increases of 138 percent and 360 percent
occurred for HC and CO, respectively. Therefore, it appears that CO emission
iﬁcreases will occur when carburetted vehicles are restored for driveability

after conversion to blended fuels (Crawford et al., 1984).

7.5 Materials Compatibility

Alcohol fuels have been shown to corrode various metallic components
that are found, or have been found, in the fuel distribution system. The
metals, which are encountered during distribution or in the vehicle's fuel
delivery system, include steel, copper, brass (copper/zinc alloy), carburetor
metal (zinc alloy), magnesium, aluminum, terne plate (lead/tin alloy), and

solder (lead/tin alloy).

The presence of water-in the fuel system would tend to increase the
corrosive activity of the blended fuels due to the potential for phase separa-
tion. Corrosion concerns have been addressed by many automobile manufactur-—
ers. They are .reducing the number of components that can be corroded by
blended fuels. To date, the field tests using Gasohol and up to 5 percent
methanol have shown a variety of problems. As discussed below, materials
compatibility does not appear to be a serious problem with ethanol-gasoline
blends or low—level methanol gasoline blends in which cosolvent alcohols are

also used.
Ethanol. Late model vehicles are generally compatible with Gasochol,

so changes in maintenance frequency are not associated with the use of

ethanol-gasoline blends. However, older vehicles may require some increased
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maintenance. Increased maintenance requirements may occur due to two
different factors. First, ethanol causes more rapid deterioration of certain
fuel system components than gasoline. Second, ethanol acts as a detergent,

removing accumulated fuel system deposits that can plug fuel filters.

Joseph and Grogan (1980) reported on the maintenance experience with
a fleet of 900 cars and trucks operated on ethanol-gasoline blends by DuPont.
Based on the use of the blends for about one year, the authors concluded that
there were "no significant unanticipated maintenance problems".  However,

increased maintenance frequency was required on some cars.

In the DuPont fleet test, plugged fuel filters were reported to be
the most frequent problem. Some older vehicles in the fleet experienced fuel
filter plugging on two or more occasions. Two of the vehicles in the fleet

required fuel tamk cleaning to prevent repeated fuel filter plugging.

Certain vehicles also experienced driveability problems caused by
deterioration of the rubber seals used in the carburetor accelerator pump.
When these seals failed, there was inadequate mixture enrichment during
acceleration, and misfire and stumbling was mnoticed. Driveability was

restored when the accelerator pumps were replaced.

Carburetor jets on several vehicles became plugged with resin
particles from the electric fuel pump. Ethanol deteriorated the resin that
was used to seal the fuel pump, causing small particles to be sloughed off and
plugging the carburetor jets. Carburetor cleaning and rebuilding was required

to restore driveability.

Finally, 25 of the 900 vehicles (2.8 percent) used in the DuPont
fleet experienced carburetor flooding associated with the absorbtion of
Gasohol by carburetor floats that were made of a phenolic resin. This problem
was most prevalent when a 20 percent blend of ethanol and gasoline was being
used. The investigators speculated that float deterioration may be a function

of ethanol concentration and time. The carburetor float problems observed
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would be expected to eventually lead to I/M program failures for scme

vehicles. Proper identification of the problem would be uncertain.

In another fleet test conducted by Contra Costa County, California, Gibbs
and Gilbert (1981) observed significant wear of Viton fuel inlet needle tips
after 16,499 miles of operation on Gasohol. The needle tip wear was thought
to be caused by the lead hydroxychloride particles formed from the corrosive
effect of ethanol on the fuel tank coatings (a lead-tin alloy). Continued
deterioration of the needle tips would lead to excessive mixture richness and
increased emissions. This would cause a vehicle to fail I/M. TIf properly

diagnosed, replacement of the needles would correct the problem.

In a fleet test of about 100 cars and trucks by Southwestern Bell
Telephone Company, fuel filter plugging during the initial phases of the
program were the only problem noted (Gurney et al., 1980). According to the
report on the fleet test, "with the exception of the fuel filters that were
used and the two carburetors that received the extremely fine sediment, no

fuel system failures could be attributed to the Gasohol."

. The available data on maintenance impacts are fairly consistent in
that increased maintenance frequency seems to be restricted to older vehicles.
For older vehicles that have not been using Gasohol, some vehicles can be
expected to experience fuel filter plugging. This will be manifested as
obvious hesitation and power loss during acceleration or surging during higher
speed cruise conditions. Once accumulated deposits are removed, filter
plugging will cease and normal fuel filter maintenance will generally be

adequate.

Based on fleet test experience, maintenance problems other than fuel
filter plugging appear to be fairly rare. Individual vehicle models may
experience problems with abnormal deterioration of miscellaneous fuel system
components. Emissions may be increased over time, as these maintenance
problems increase in frequency. Detection and cofrection of such defects

would be facilitated by I/M programs, but not ensured.
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Methanol. Field test experience with methanol-gasoline blends
indicates similar materials compatibility problems to those observed with
ethanol-gasoline blends. When used in concentrations of greater than 10
percent total alcohel, customer complaints associated with materials
compatibility problems appear to be substantial. One California marketer of
high level methanol-gasoline blends reported accelerator pump failures in many
vehicles (personal communication with Henry Seal, 1987). Tests of similar
high-level methanol-gasoline blends by the EPA also have resulted 1in

accelerator pump failures.

7.6 Conclusions and Recommendations

Increases in hydrocarbon evaporative and exhaust emissions may occur
from the use of alcohol/gasoline blends. Intermittent refueling with blended
gasolihes will cause the tank RVP to increase above the volatility limit of 9
psi. Long—term use of alcohol/gasoline blends may reduce the capacity of the
evaporative emission control system and further increase hydrocarbon emis-
sions. Short-term increases in tailpipe NOx may occur due to the use of
alcohol/gasoline blends. If driveability problems associated with blend use
are repaired in carburetted vehicles, the NOx increase could give way to

increases in HC and CO emissions.

Increased evaporative emissions may occur from using alcohol/
gasoline blends due to volatility differences, evaporative emission control
system degradation, and intermittent use. Because of the potential for
evaporative hydrocarbon emission increases ARB should consider additional
volatility constraints for blended fuels. One possibility for reducing
evaporative emissions due to blend use may be to specify a distillation curve
for blended gasolines. General Motors has shown that the total quantity of
vapor generated by blends is less than or equal to straight gasoline when the
distillation curves are approximately the same. However, this approach does

not deal with the problem of intermittent use.

The evaporative emissions increase due to intermittent use could be
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reduced by requiring blended fuels to have a maximum RVP below 9 psi. Maximum
RVPs for blends of Oxinol?®, ethanol, and TBA have been calculated. The
maximum RVP varies from 5.5 for Oxinol® to 6.5 for ethanol and TBA blends.
The reduced wvolatility would most likely result in decreased vehicle
driveability when regularly wusing the blended fuel. However, when
intermittently used, the tank RVP would not be expected to exceed 9.0 psi.
The possibility of dincreased exhaust emissions associated with lower
volatility blends should be evaluated before any regulatory action is

proposed.

Another issue that needs further evaluation is the apparent
reduction in evaporative emission control system performance due to blend use.
Oxygenated compounds are preferentially absorbed by the charcoal canisters.
The higher weight alcohol compounds are also more difficult to purge from the
canister once they have been absorbed. Increasing the size of the charcoal
canister may be one way to mitigate the decreased system performance.
Adoption of the on-board vapor control regulation will most likely not
mitigate additional evaporative emissions due to decreased system performance.
The certification fuel will not contain oxygenates; therefore, the canister
will not be sized to compensate for the additional evaporative emissions and
system degradation due to oxygenate blends. This degradation needs to be

better qualified.
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8.0 AFTERMARKET FUEL ADDITIVES

Aftermarket fuel additives have been marketed and used for many
years. Originally, these additives included water emulsifiers, fuel system
cleaners, and octane boosters. These and other types of additives are still
common in auto parts stores in California. Water emulsifiers are expected to
have little impact on emissions, while fuel system cleaners probably have a
beneficial effect. Some chemicals which might be used as octane boosters

could be cause for concern if used in catalyst—equipped vehicles, however.,

Two relatively new classes of additives, also common in auto parts
stores, are lead substitutes and "pollution control" additives. Lead
substitutes are marketed with the claim that they prevent valve seat recession
due to the use of current reduced lead—content leaded gasoline in older
engines. At least one such additive actually claims to contain tetra-ethyl
lead (TEL). "Pollution control" additives are being marketed that they can
clean catalytic converters and/or reduce HC and CO emissions to assist in
passing the Smog Check. The claims made for both additive classes are cause
for serious concern regarding the potential emissions impacts of these

products.

The composition of aftermarket additives is considered proprietary,
and is not stated on the product label. Although additives must be registered
with EPA, emissions testing or even proof of efficacy is not required in most
cases. Thus, the potential emissions impact from any given product may be
difficult to assess. Although Radian was able to obtain same limited
information from additive manufacturers on a confidential basis, considerable

uncertainty remains.

8.1 Types of Aftermarket Fuel Additives

Most aftermarket fuel additives can be classed into one of five

categories:
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. Water Emulsifiers;

I Fuel System/Intake Manifold Cleaners;
° Octane Boosters/Anti-Knock Additives;
™ Lead Substitutes; and

) "pollution Control" Additives.

Each of these categories is discussed below.

8.1.1 Water Emulsifiers

Water emulsifiers are used to emulsify water in a vehicle's fuel
tank. These products remove water from the fuel tank to prevent fuel line
freeze-up, corrosion and fuel filter plugging. These products have been on
the market for a number of years and comsist primarily of alcohols. Their
concentration when added to the fuel tank is not expected to cause significant

emissions impacts.

8.1.2 Fuel System/Intake Manifold Cleaners

Fuel system and intake manifold cleaners have also been available
for a number of years. These products are concentrated formulations of the
gasoline detergents/polymeric dispersants and fluidizer oils marketed by a
aumber of additive manufacturers and refiners. These products are becoming
more popular due to the publicity surrounding fuel-injector deposit problems.
A number of oil companies and aftermarket additive manufacturers currently
retail fuel-injector and carburetor cleaners, e.g. Chevron Techroline (tm).
These products should reduce the emissions from vehicles with injector
deposits, and thus produce a net reduction in emissions. Refer to Section
Four for a more detailed description of the effects of detergents and

polymeric dispersants.
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8.1.3 Qctane Boosters/Anti-Knock Additives

Information on the active ingredients in octane-boosting aftermarket
additives is not generally available. However, a refiner provided
confidential information on the constituents found in some octane
boosters/anti-knock additives. According to the refiner, products in this
group can contain aniline, MMT, MTBE, and other alcohols. Aniline is a high
octane benzene derivative which can produce significant intake system and

‘combustion chamber deposits.

Some other octane boosters which could conceivably be included in
these products include lead compounds such as TEL and TML, or other
high—octane crude oil-based compounds such as iscoctane, toluene, benzene, and
other aromatics. The major concern here is with the possible metallic
components. Sale of lead products for use in motor vehicles is illegal in
California, but this law is difficult to enforce, since the product
composition is not shown on the label. While TEL producers attempt to keep
their product out of the hands of the aftermarket vendors, they are not always
successful. The effect of lead on emission control system components is
documented in Section Three. Use of these products in vehicles with catalytic

converters will result in significant emission increases.

As discussed in Section Three, manganese is much less damaging than
lead to catalytic converters, but it increases engine—out HC emissions. MMT
may legally be sold for use in vehicles without catalytic converters, but this
is no guarantee that it will be used only in those vehicles. Use of large
amounts of MMT in catalytic converter—equipped vehicles could plug the

catalyst or otherwise impact the emission control system.

The use of oxygenated compounds as octane enhancers could result in
increased fuel tank RVP and possibly increased evaporative emissions. Slight
increases in exhaust hydrocarbon emissions would also be expected. Refer to
Section Seven for a discussion of the effect of oxygenated compounds on
vehicle emissions. With aromatic-based octane enhancers, there is a potential

for increased benzene emissions.
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8.1.4 Lead Substitutes

Lead substitutes have become popular due to the EPA-mandated
reduction in the lead content of leaded gésoline. These products claim to act
as valve—seat lubricants, thereby reducing the possibility for valve seat
recession due to inadequate lead in the gasoline. Additives, other than lead,
which are known to act as valve seat lubricants include phosphorus,
manganese, sodium, and potassium. Other proprietary additives have

demonstrated effectiveness comparable to that of lead (Weaver, 1986).

In a survey of the fuel additives available at local automotive
parts stores, a number of lead substitutes were found. One lead substitute,
which is marketed by Bardahl as "Instead O' Lead Gold," advised the purchaser
this product was intended for use in pre-1974 vehicles. It also stated it was

not for use in any vehicle that had a catalytic converter.

Another product marketed by Octane Boost Corporation, "Real Lead,™
claimed to contain tetraethyl lead (TEL). Industry sources have indicated
that this product is essentially high-lead leaded gasoline. Sale or use of
this product in motor vehicles is prohibited in California (Cackette, 1987).
The front of the Real Lead package included a warning (in very small type)
informing the purchaser that this product was not for use in motor vehicles in
California, but only for boat engines. The product container also listed the

following benefit claims:

™ Lowers exhaust emissions;

° Promotes smoother engine operation;

. Inhibits rust and corrosion; and

° Protects against icing stall in cold weather.

This product was offered for sale in an auto parts store, which appeared to
offer no significant marine equipment or accessories, and was stocked on the

shelf with numerous other additives clearly intended for wuse in motor
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vehicles. It is doubtful, therefore, whether marine customers constituted the

primary market for this product.

8.1.5 "Pollution Control" Additives

Anqther group of fuel additives found on the shelves today are
"pollution control" additives. The claims for these types of additives range
from "cleaning"™ catalytic converters to a guarantee that the user will pass
the Smog Check HC and CO tests, or the purchaser's money is returned.

"Catalytic converter cleaners"™ are being marketed by a number of
different companies. One of the additives marketed by Unival Corporation was
briefly described in the July 13, 1987, edition of the automotive publication
Autoweek. According to Autoweek, Unival's product will remove sulfurous odors
from your converter, extend the life of the catalyst, and lengthen the

interval between tune-ups.

A "catalytic converter cleaner" marketed by Mechanics was found at a
local auto parts store. The information on the container stated the product
would help eliminate sulfur odor, could help pass emissions control tests,
extends the life of catalytic converter, deodorizes, and helps keep the engine

from overheating.

A product marketed by Wynn's is the "Smog Check Pollutant Control-
ler."™ 1If used as directed, the Wynn's product guarantees passage of a re—
quired test of CO and HC or the purchaser's money will be refunded. Wynn's
suggests using its product every 3,000 miles for continued reduction in
emissions of carbon monoxide and hydrocarbons. Additional advantages of using
Wynn's product are that it "cleans catalytic converters", and it helps elimi-

nate "rotten egg" odor. No ingredients are listed on the product container.

An aftermarket additive company supplied confidential composition

information for its "pollutant control" additive. This company made claims
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about its product similar to those previously listed. The company's product
is EPA-registered and patented. The ingredients include an oxygenated com—
pound and an ashless detergent. The oxygenated compound leans the mixture,
thereby reducing HC and CO emissions. In additionm, HZS emissions would be
reduced slightly due to the formation of 502 during lean operating conditions.
Constant use of this product in closed-loop vehicles would not be expected to

cause lean operation because the fuel control system would adjust to compen-

sate for the excess oxygen.

8.2 Regulation of Aftermarket Additives

Current regulatory oversight of aftermarket additives does not
appear to be sufficient. Cans of tetraethyl lead can be purchased over the
counter at auto parts stores in California. Other products currently marketed
claim to clean catalytic converters, or to ensure that a vehicle passes the
tailpipe HC and CO test. In general, the ingredients in these products are
unknown. Without knowing their composition, the impact of these additives on

emission control system components, or the emvironment, cannot be determined.

There appears to be no effective surveillance or regulation of these
products. Additive and fuel manufacturers are required to register their
products with the EPA, but no emissions testing or even proof of effectiveness
is required. EPA testing of fuels and additives is performed only when the
manufacturer requests a test, or when a complaint is received (Michael Lesh,
EPA Fuels Registrar, personal communication, 1987). There is apparently no
mechanism for confirming on any routine basis that additives actually on the
shelves have been registered with EPA, or that the additive contents disclosed
to EPA are in fact those included in the product. In addition, product labels
do not disclose product compositions, making it difficult for consumers to

make an informed choice.
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8.3 Summary, Conclusions, and Recommendations

Aftermérket fuel additives are currently marketed with claims that
they remove water from fuel tanks, clean fuel systems and intake manifolds,
enhance the octane rating of gasoline, act as lead substitutes to protect
valve seats, and improve the performance of pollution control devices. The
potential exists for some of these products to impair the performance of
emission control devices and to increase emissions. However, since the
ingredients of the majority of these components are unknown, no conclusicn
regarding their effect on vehicle emissions performance can be made. The
additives with the greatest potential for detrimental effects are the octane
boosters, lead substitutes, and catalytic converter cleaners. Of special
concern is the fact that additives claiming to contain tetra—ethyl lead are

readily available over-the—counter in auto parts stores.

It is recommended that ARB act in conjunction with EPA to
re—evaluate their regulation and oversight of the aftermarket additive
induétry. Some demonstration of effectiveness, and of an absence of adverse
emission control impacts, should be required in order for additives to be
registered. Public access to additives containing lead and other substances
that are known to cause significant detrimental impacts to emission control
systems should be minimized. Products not intended fér vehicles that use
unleaded gasoline should have spouts that are too large to be inserted into
the fillpipe restrictor. Products containing lead should not be sold in
automotive parts stores, since it is illegal to use these products in motor

vehicles in California.

Aftermarket additive manufacturers should be required to include EPA
registration information on their labels. If a labeling requirement was
developed, aftermarket additives not registered with EPA could be easily
identified. 1In addition, it is recommended that random surveys of aftermarket
additives be performed. Products should be tested to verify the registration

information provided to EPA.
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APPENDIX A

Calculations Estimating Excess Emissions

Due to Fuel Injector Deposits
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APPENDIX B

Calculations Estimating the Change in Exhaust
and Evaporative Hydrocarbon Emissions

Due to Changes in Fuel Volatility
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APPENDIX C

Calculations Estimating the Cost-Effectiveness

of Removing Benzene from Gasoline
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PROPOSED TEST PROCEDURE
AND EMISSION STANDARD REVISIONS
FOR MEDIUM- AND LIGHT-HEAVY-DUTY VEHICLES

1. SUMMARY

Significant emission reductions can be achieved through changes to
test procedures and emission standards for medium-duty vehicles (MDVs)
and light-heavy-duty vehicles (LHDVs). The emission standards that
apply to these categories do not yet require the same degree of
emissions control as is required for passenger cars and light-duty
trucks. In addition, the medium-duty vehicle test procedures
currently allow vehicles to be tested with essentially no cargo. As a
result, emission control systems do not have to be designed to control
emissions under operation at higher engine loads. Since trucks are
frequently used to carry cargo, the lack of required control at higher
loads can cause emissions to increase dramatically.

For gasoline-powered medium-duty vehicles, 6,001-8,500 lbs. gross
vehicle weight (GVW), increased use of fuel injection and improved
catalyst systems would allow emission standards to be tightened.
Increasing the test weight for MDVs would also require emission
control systems to be redesigned so that "full time" catalytic control
is provided. The emission standard changes proposed by the staff are
shown in Table 1.

Table 1

Current and Proposed Standards
for Medium-Duty Vehicles

----- grams/mile ------

Test Weight NMHC co NOx

Current 0-3,750 0.39 9.0 0.4
Standards

3,751-5,750 0.50 9.0 1.0

5,751-8,500 0.60 9.0 1.5

Proposed 0-3,750  ----- not allowed -----
Standards

3,751-5,750 - ---- not allowed -----

5,751-8,500 0.39 5.0 1.1
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The proposed medium-duty standards reflect a reduction in allowable
emission levels ranging from 27% for NOx, to 35% for HC, and 39% for
CO. However, the proposed requirement for all vehicles to be tested
at their rated GVW would further increase the emission reductions
achieved in actual customer service.

For gasoline-powered light-heavy-duty vehicles, 8,501-14,000 lbs. GVW,
increased use of fuel injection and three-way catalysts would result
in significantly reduced NOx emissions. In addition, testing of these
vehicles on chassis dynamometers would more accurately reflect thelr
operation in city traffic and facilitate in-use compliance testing.
Testing the whole vehicle instead of just the engine also makes it
feasible to specify an evaporative emissions standard based on the
Sealed Housing for Evaporative Determinations (SHED) techmique. The
standards proposed by the staff are shown in Table 2.

Table 2

Current and Proposed Standards
for Light-Heavy-Duty Vehicles

Test Weight HC co NOx Evap
Current NA 1.1 14.4 6.0 engineering
Standards analysis
Estimate of What Current 0.72 11.1 3.9

Standards Would Be in Grams/Mi
Proposed 8,501-10,000 0.50 5.5 1.3 3.0
Standards

10,001-14,000 0.60 7.0 2.0 3.0

Note: Current exhaust emissions standards are in grams/bhp-hr
(engine dyno test) with total HC standard.
Proposed standards are in grams/mile (chassis dyno test)
with non-methane HC standard.

Since there is a test procedure change involved, the effect of the
proposed standards on allowable emissions cannot be computed directly
from the value of the current and proposed standards. However, an
analysis of what the current standards would be on a "grams/mile"”
basis indicates that the proposed standards will reduce allowable
emissions from gasoline-powered. light-heavy-duty vehicles by about 30%
for HC, 50% for CO and about 70% for NOx. No significant change in CO
emissions 1s expected,
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For Diesel-powered vehicles, no changes to the optional 100,000 mile
certification standards for medium-duty vehicle NOx emissions are
being proposed at this time. More stringent hydrocarbon standards,
proportional to the proposed 50,000 mile standards, are proposed for
Diesels. Compliance with the same carbon monoxide standards as
recommended for gasoline vehicles is also proposed.

The staff is proposing that Diesel-powered medium duty vehicles also
be tested at GVW instead of curb weight plus 300 pounds. Because more
vehicles will be tested at the upper end of the test weight
categories, a 25% increase in the particulate emissions standard for
the heaviest vehicles is also proposed. This adjustment makes the
stringency of the standard comparable to the standard that currently
applies to the middle test weight range of the medium-duty class.
Under the staff’s proposal, all medium-duty vehicles will be tested in
the 6,001-8,500 pound test weight range and they would be required to
meet a particulate standard of 0.10 g/mi. Compliance with the
proposed particulate standards will likely require traps on all
Diesel-powered vehicles.

The current and proposed standards for the 100,000 mile, Diesel option
are shown in Table 3.

Table 3

Current and Proposed
Optional 100,000 Mile Standards
for Diesel-Powered Medium-Duty Vehicles

L e grams/mile ----------
+Test Weight HC co NOx PM
*
Current 0-3,750 0.46 10.6 1.0 0.08
Standards % % *
3,751-5,750 0.50 9.0 1.5 0.08
* * %*
5,751-8,500 0.60 9.0 2.0 0.08
Proposed 0-3,750 e not allowed ---------
Standards ’
3,751-5,750 @ e-eeeeao-- not allowed ---------
5,751-8,500 0.46 5.0 2.0 O.lO*

.
"Standard applies for 50,000 miles only.
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For Diesel-powered light-heavy-duty vehicles, particulate standards of
equal stringency to those which apply to medium-duty vehicles are
proposed. As shown in Table 4, for vehicles up to 10,000 pounds test
weight, the particulate standard would be 0.12 g/mi. For vehicles
10,001-14,000 pounds, the standard would be 0.15 g/mi. These
standards will probably require the use of particulate traps on all
vehicles.

As with medium-duty vehicles, optional 100,000 mile NOx standards are
provided for Diesels. By setting the standards at twice the level of
the 50,000 mile standards, the 100,000 mile NOx standards for light-
heavy-duty Diesels reflect approximately the same percentage increase
in emissions as has historically been provided for medium-duty
vehicles certified under the 100,000 mile option. These standards are
achievable through the use of EGR and/or pre-chamber engines.

Table 4

Proposed Optional 100,000 Mile Standards
for Diesel-Powered Light-Heavy-Duty Vehicles

---------- grams/mile ----------

Test Weight HC co NOx PM

Light- 8,501-10,000 0.60 5.5 2.6 0.12
Heavy-Duty

Vehicles 10,001-14,000 0.70 7.0 4.0 0.15

To provide manufacturers with adequate lead time to comply with the
proposed standards, the staff is recommending a 1992 model year
implementation date for both the medium-duty and light-heavy-duty
proposed standards. However, the staff is also proposing a 1995
implementation date for a requirement that all medium-duty and light-
heavy-duty vehicles be certified to meet standards that are
numerically higher by 25% for a period of 100,000 miles. This
requirement would be consistent with the current approach used by EPA
under which compliance is required for the expected "full-life" of the
these same vehicles. By supplementing the basic 50,000 mile standards
with a requirement to meet less stringent standards for 100,000 miles,
manufacturers will have the proper incentive for designing emission
control systems to last for the expected service life of the vehicle.

Regarding the proposed light-heavy-duty standards, opposition from
vehicle manufacturers is expected because the chassis dynamometer
testing requirement will increase the possibility that in-use
compliance problems will be detected. In addition,.certification
testing may be more costly.
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Both the medium-duty and light-heavy-duty standards proposed for
gasoline-powered vehicles may be opposed because compliance will
require 3-way catalysts to be kept in operation under all engine
loads. This may require control systems to be designed to protect the
catalyst from excessive temperature while achieving the improved cold
start performance needed to meet the more stringent HC standards.
These simultaneously imposed requirements could require some vehicles
to be equipped with by-passable catalysts for cold start and warm up
operation. Such systems could increase vehicle costs by about
$100-120. Adding 3-way catalyst systems to light-heavy-duty engines
could add about another $200 to the cost of vehicles using those
engines. ‘However, the staff’s analysis indicates that the additional
emission control provided would be so large that the cost of meeting
the proposed standards would represent a good value, relative to other
emission control strategies.

The optional 100,000 mile standards for Diesel-powered medium-duty
vehicles are not expected to generate opposition because they do not
represent a significant increase in stringency over the current set of
standards. However, compliance with the particulate standard may be
difficult. Due to the limited demand for Diesel-powered medium-duty
vehicles in recent years, manufacturers have devoted limited effort to
the development of trap technology for these vehicles.

Opposition is expected to the staff’s proposed optional standards for
Diesel-powered light-heavy-duty vehicles. These standards would
accelerate the requirement for Diesel particulate traps by imposing
trap-forcing standards for the 1992 model year. Under the current
standards, traps might not be required until the 0.1 g/bhp-hr
particulate standard is enforced in 1994,

The proposed optional standards may also be opposed on the grounds
that they increase the stringency of the NOx emission standards. The
staff would agree that the optional NOx standards may be difficult for
Diesel-powered vehicles to meet without heavy reliance on exhaust gas
recirculation. This, in turn, will increase the difficulty in meeting
the particulate standard.

The combination of NOx and particulate standards proposed for Diesel
vehicles could result in a suspension of Diesel sales in the light-
heavy-duty category. However, the staff believes it is important to
require that emissions be controlled to the same levels that can be
met with gasoline-powered vehicles to prevent emissions from this
category from increasing. A relaxation of the proposed standards to
ensure continued Diesel sales could lead to increased particulate and
NOx emissions because Diesel engine sales in the light-heavy-duty
vehicle category have been increasing. |

By the year 2000, adoption of the standards proposed by the staff is
estimated to reduce emissions from gasoline-fueled medium- and light-
heavy-duty vehicles by 6% for HC, 11% for CO, and 20% for NOx. This
represents reductions in the total emissions from on-road motor
vehicles by about 1% for HC, 2% for CO, and 3% for NOx. The
cost/effectiveness of the standards has been estimated to be well
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under $2.00 per pound of HC and NOx emissions control, a much lower
cost than for other measures that have been adopted to control
emissions in California.
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2. INTRODUCTION

Over the history of the motor vehicle emissions control program,
passenger cars and light-duty trucks have received the greatest amount
of attention. Because of their great numbers, cars and light trucks
have been major contributors to the state’s air pollution problems.
However, as controls on cars and light trucks become more effective,
other vehicle categories become a more significant fraction of the
remaining air pollution problem.

The Significance of MDVs and IHDVs

Figures 1, 2, 3, and 4 show the relative contribution of hydrocarbon,
carbon monoxide, oxides of nitrogen, and particulate emissions from
each category of on-road motor vehicles. Based on ARB's "official"™
emissions inventory, the figures show emissions from medium-duty
vehicles (6,001-8,500 1lbs. GVW), and light-heavy-duty vehicles (8,501-
14,000 1bs. GVW) account for 8.5% of the HC emissions, 12.6% of the CO
emissions, and 7.9% of the NOx emissions from on-road vehicles.

Figure 1

Hydrocarbon Emissions Distribution
for On-Road Vehicles
(1987 Estimates)
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Passenger Cars—60.6%
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Figure 2
Carbon Monoxide Emissions Distribution
for On-Road Vehicles
(1987 Estimates)
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Figure 3
Oxides of Nitrogen Emissions Distribution
for On-Road Vehicles
(1987 Estimates)
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Figure &4
Exhaust Particulate Emissions Distribution
for On-Road Vehicles
(1987 Estimates)

Heavy-Duty Diesel--82. 1%

Other HD Gas—1. 1%
Light-Heavy-Duty—O0.6%
Medum-Duty--0.7%

Passenger Cars--12.0%

g Motorcycles—-0.0%
Light-Duty Trucks—3.4%

Because of the currently low sales of Diesel-powered vehicles in these
categories, medium- and light-heavy-duty vehicles account for only
1.3% of the particulate emissions.

Test Procedure Concerns

As the above figures illustrate, MDVs and LHDVs represent a
significant fraction of the emissions from on-road vehicles. However,
a recent analysis indicates that the actual emissions from these
vehicle categories are greater. As described in detail in a later
section of this report, when MDVs and LHDVs carry cargo, emissions can
increase substantially.

Under current regulations, MDVs are tested on chassis dynamometers
with the dynamometer adjusted to simulate the unladen weight ("curb
weight") of the vehicle plus 300 pounds to simulate a driver and one
passenger or a small amount of cargo. The use of curb weight plus 300
pounds is a carryover from the light-duty vehicle test procedure.
While curb weight plus 300 pounds may be reasonable for light-duty
vehicles, MDVs and LHDVs frequently carry a significant amount of
cargo.

It is well established that emissions are increased by higher vehicle
loading, however, the emissions increase associated with higher
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loading of MDVs and LHDVs appears to be much higher than previously
thought. When MDVs and LHDVs carry significant amounts of cargo,
engine power demand to keep up with city traffic approaches the
maximum available power. Under such high load, the air-fuel ratio is
enriched for a slight power benefit and to reduce the potential for
valve burning. Under rich conditions, a 3-way catalyst does not
control unburned hydrocarbons or carbon monoxide. Although the warmed
up catalyst is capable of reducing HC and CO by about 90%, the
conversion efficiency drops to near zero as the engine approaches full
power output. As a result, HC and CO are tem times higher than they
would be if the catalyst were still working. In addition, the
enriched operation causes HC and CO emitted by the engine to increase
even more. The mechanisms by which the emissions increase occurs is
illustrated in Figures 5 and 6.

Figure 5 shows the relationship between engine air/fuel ratio and
exhaust emissions. As the figure illustrates, emissions of HC and CO
increase substantially at air/fuel ratios richer than the chemically
correct stoichiometric ratio (about 14.7:1 for typical gasolines). By
enriching the mixture to about 12:1, the horsepower of the engine

Figure 5
Exhaust Emissions vs. Air/Fuel Ratio

Stoichiometric

Relative Emissions Level

Big CO Increase
i Due to Enrichment

!- CO
Rich Lean ———m -

Air/Fuel Ratio

CO at High Load
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et ———

VII-10



can be increased by about 3-5%.1'2* Although the fuel economy of the
engine suffers, enrichment at full power is commonly used to increase
peak horsepower because gasoline engines normally only operate at or
near full-load for limited periods of time and the fuel economy loss
during that operation is not considered important. In addition,
mixture enrichment at full power reduces the potential for exhaust
valve burning by depleting the oxygen in the exhaust gas. In certain
applications (primarily aircraft engines), mixture enrichment is
carried to extremes in order to actually cool the engine with
evaporating fuel. The fuel efficiency penalty is so severe for fuel-
cooling that its use is generally restricted to the take-off mode of
aircraft engine operation.

Figure 6 illustrates the enrichment effect when the engine is equipped
with a catalytic converter. (The scale has been expanded to show the
effect of catalytic control more clearly and only CO emissions are
shown.) When excess oxygen is present, a warmed up catalyst can
reduce CO emissions by approximately 90%. To provide the excess air

Figure 6
Exhaust Emissions vs. Air/Fuel Ratio
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* Superscripts denote references listed at end of text.
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needed to catalytically oxidize CO, air injection is required when the
air/fuel ratio is adjusted richer than stoichiometric. However, it is
standard practice for vehicle manufacturers to design their emission
control systems so that no air injection occurs at high engine power
levels. Even when the engine is equipped with an air pump, the air
flow is diverted during high load conditions so that catalytic
oxidation of the carbon monoxide and unburned HC will not occur.

By not providing air injection under fuel-rich, high power conditions,
the catalyst is "protected" from the higher temperatures that would
occur during the catalytic oxidation of such high levels of carbon
monoxide emissions. As a result, catalyst durability is improved and
it becomes easier for manufacturers to meet the emission standards for
the required 50,000 mile distance. This "catalyst protection”
technique is possible because the official emission test procedure
does not measure vehicle emissions under very high load conditions.
Unfortunately, high power levels frequently occur in actual customer
service and the emissions of the vehicles can increase by more than a
factor of ten under such conditions.

As described in the bedy of this report, the latest analysis indicates
that MDVs and LHDVs could account for over 20% of the carbon monoxide
emissions from all on-road vehicles due to the loss in emissions
control that is currently permitted under high load conditions.

Development of the Staff Provposal

In order to achieve further control of vehicular emissions and to
address the concerns about the adequacy of the current test
procedures, the following tasks have been completed:

1. an analysis has been conducted to determine the relative
stringency of the current standards for medium- and light-
heavy-duty vehicles and the standards which have been
adopted for passenger cars and light trucks;

2. the operational characteristics of medium- and light-heavy-
duty vehicles have been investigated to determine the extent
to which operation at high power levels may be occurring in
customer service;

3. computer simulations of vehicle emissions under varying load
conditions have been conducted in order to quantify the
impact of high load operation on vehicle emission levels;

4. the technological feasibility, cost, and lead time for more
stringent medium- and light-heavy-duty vehicle emission

standards has been evaluated; and

5. the costs and feasibility of chassis dynamometer testing for
light-heavy-duty vehicles has been investigated.
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This report describes the results of the tasks listed above and makes
recommendations for more effective emission standards and test
procedures.

Organization of the Report

Following the summary and this introduction, Section 3 describes the
physical and operational characteristics of medium- and light-heavy-
duty vehicles. Information is provided regarding the cargo-carrying
patterns for these vehicles obtained from the California Truck
Inventory and Use Survey (TIUS).

Section 4 contains an analysis of how the emission standards for
medium- and light-heavy-duty vehicles compare to the emission
standards for passenger cars and light trucks. The relative
stringency of the current standards is evaluated based on the work
required for different vehicles to keep up with city traffic.

Section 5 contains an analysis of how vehicle cargo loading affects
exhaust emission levels. Load increases are related to fuel
consumption (and therefore exhaust volume) through the use of a
predictive model developed by EPA. This section also describes a more
elaborate computer model, incorporating engine maps of catalyst-
equipped vehicles, that was also used to estimate the effect of load
increases on exhaust emissions.

Section 6 contains a comparison of the engine dynamometer test
procedure currently used to test light-heavy-duty englnes and the
chassis dynamometer procedure currently used to test medium-duty
vehicles. Physical changes to test facilities needed to test all
medium- and light-heavy-duty vehicles on chassis dynamometers at their
gross vehicle weight (GVW) are described.

Section 7 contains an assessment of the emission control system
changes needed to further reduce emissions from medium- and light-
heavy-duty vehicles. Concerns manufacturers have raised regarding
"full time" catalytic control of exhaust emissions during high power
conditions are addressed. System configurations to achieve additional
control without catalyst damage are described.

Section 8 contains a discussion of the cost, cost/effectiveness, and
lead time associated with the production of emission control systems
designed to achieve further control.

Section 9 contains the overall conclusions and recommendations being
made by the staff after its consideration of more stringent medium-

and light-heavy-duty standards and test procedures. Finally, Section
10 contains a list of references cited in the body of the report.
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